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PREFACE 


I hope this book will be of use to students of biology whether they are medicals 
or not, for it does not follow strictly the contents of any syllabus : nevertheless, it 
is the medical student whom I have had especially in mind. 

It is likely that the near future will see closer co-ordination than is at present 
usual between the work which medical students now do in their first year, and 
heir later studies of anatomy, physiology, biochemistry and pathology. I have 
tried to provide these students of the future with a text which should not only be 
of use in their elementary studies of biology, but should also, more than most 
existing books, bridge the gap between the studies of the present first and second 
years. This has called for a more extended treatment of certain subjects, such as 
mammalian anatomy, elementary physiology, parasitology and genetics, than 
most elementary text-books contain. Hence, partly, the length of the book. Its 
length also reflects the fact that many medical students are willing to read beyond 
the narrow limits of a syllabus if the matter available has vocational relevance, 
and is not too unattractively presented. 


A danger in writing a text-book of biology is that of adding a book on botany 
to another on zoology, clapping them between the same covers, and calling the 
result biology. But, biology should be a synthesis rather than a mere addition. 
I have tried to develop such a synthetic outlook, in the earlier chapters by dealing 
with animals and plants in close proximity and in a comparative manner, later by 
stressing the parallelism between the evolution of land plants and land vertebrates, 
and towards the end of the book by reverting to the comparative method in 
chapters devoted especially to physiological topics. 

A large proportion of the illustrations are new : and, except where it is so 
stated or where it is obviously not the case, they have been made from specimens. 
I would like to thank the friends and colleagues who made the drawings, and 
among them especially Mr. L. J. Hale, Mr. R. M. Laws, Aletta Lewis, Miss 
Woolaway, of the Department of Anatomy in this College, and Mr. P. D. Mumby 
of my Department, who made a number of photomicrographs. It is also a 
pleasure to thank Dr. A. J. Grove, Dr. G. E. Newell, and the University Tutorial 
Press who kind y allowed me to reproduce, from the original drawings, several 
figures previously published in their admirable Animal Biology 
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Stock, Dr. YV. H. Thorpe, Dr. B. W. Town, Prof. C. M. Waddington, Dr. E. F. 

Warburg, Prof. A. Wormall. . T 

I'o these and to any others whose names I may have inadvertently omitted 1 

tender my sincere thanks. . ... . 

A special word of thanks is due to my wife, who laboured long and mightily in 

typing, proof-reading and preparation of the index. 

It is a pleasure to acknowledge a great debt which the book owes to the editor, 
Mr. L. J. F. Brimble and to Mr. H. Cowdell, of Macmillan and Co. Ltd. who, 
concerned with the final preparations respectively of the text and illustrations, 
have burned much midnight oil in getting the book ready for publication. 

Finally, I will be most grateful to any reader who will let me know of any 

errors which he may find. 

P. D. F. MURRAY 


London, March 1948 
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CHAPTER I 


INTRODUCTION 

Science has been defined as ‘ the process of investigating the external world ’ 
(A. D. Ritchie). Biology , then, is the process of investigating organisms. Every 
organism presents many aspects in which it can be studied, and the study of each 
of these aspects is one of the great divisions of biology. 

Thus the study of the structure of organisms is their anatomy ; that of how they 
work, of the events and changes which happen in them during life, their physiology, 
while that of the changes by which an egg or a seed transforms itself into an adult 
animal or plant, is embryology. 

The investigation of the external world leads to vast accumulations of factual 
knowledge. Now, it is a characteristic of the human mind not to be content with 
mere fact, but to seek for general statements by which the facts are summarised, 
interpreted or explained. These general statements are the so-called ‘ natural law's ’, 
and are both the crowning achievements of scientific work in the past and the found¬ 
ation of new work yet to be done (by which they may be modified or replaced). 

In chemistry, such a law is the atomic theory. Two ideas are fundamental to 
modern biology. The science grew up in a western civilisation in which the 
principal unifying factor has for many centuries been a religion which extended 
its sacredness to cover traditional beliefs derived from the religious literature of 
ancient Israel and which concerned the origin and nature of the universe. Among 
these traditions was one now known as the theory of ‘ special creation ’ which 
asserts that in the beginning each kind of animal and plant was brought instanta¬ 
neously into existence complete and ready-made, and has persisted unchanged 
ever since From such a belief it follows that while there may be resemblances 
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which run like threads through the whole of biological thought. To the evolu¬ 
tionist, the world of organisms is a unity, each organism is part of a story connect¬ 
ing it closely or distantly with all other organisms, a story which began in the mists 
of a past distant from us not by thousands of years but by,hundreds of millions, 
and whose ending in the future may be more distant than its beginnings. 

Evolution also forces us to recognise that every organism has a double history : 
that of the individual and that of the race. The colour of a red bird was produced, 
in all probability, by the deposition of a red colouring matter in its developing 
feathers, and the formation of this pigment was the result of an earlier series of 
chemical changes occurring in the bird and especially in its feather germs. Putting 
it in more general terms, the characters of an organism are the results of events 
occurring in the individual life-history, and these events are the causes of the 
characters. But evolution makes us push the enquiry further, asking how the race 
or species first acquired the characters in which we are interested. In other words, 
we must seek for a chain of causation in the evolution of the race just as in the 
development of the individual and therefore, when we try to understand a bio¬ 
logical structure or process, we must think not only of what it does and how it 
works but of its individual and racial history. 

The other idea underlying biological work and thought asserts, as a working 
hypothesis (i.e. as a suggestion to be tested) that organisms, the things they do, and 
the things happening in them, are natural phenomena and can be successfully 
investigated by natural methods ; or, putting it differently, that the difference 
between living organisms and inanimate objects is not supernatural. Of course, 
the hypothesis may not be true ; perhaps there is in organisms a mysterious some¬ 
thing forever beyond investigation. But at all events two things are true : first, 
the progress of science leaves every year less and less room for this mysterious 
something, if it exists, to act in, and, secondly, we are forced to assume its non¬ 
existence because to assume that it acts in any particular biological event is to 
abandon hope of final success in the scientific investigation of that field. 

There is one further matter which must be mentioned. This is the use of 
‘ teleological ’ phrases. A teleological explanation of a phenomenon is one which 
interprets it in terms of a purpose. Such a statement as ‘ in the course of their 
evolution into terrestrial animals, the ancestors of the frog changed their fins into 
legs that they might better walk on land ’ is grossly teleological, for it attributes to 
the animals the possession of a purpose which they fulfilled by developing legs. 
But we have little justification for attributing to any but the highest animals the 
power to have a purpose at all, and none for imagining that any animal or plant 
could purposefully direct the evolutionary changes of its species. To make the 
above statement permissible it would have to be re-phrased somewhat thus : 
‘ During the evolution of the ancestors of the frog into terrestrial animals their 
fins became changed into legs which enabled them to walk better on land.’ The 
sentence as rewritten makes no imputation of purposiveness. But, in practice, 
phrases somewhat tinged with teleology are so convenient that they are frequently 
used, the reader being trusted to realise that in so far as they are teleological they 
are figurative. It would be impossible to avoid completely the use of any phrases 
to which a purist could attribute a teleological meaning ; what is important 
is that the reader should realise that it is not intended by such phrases to ascribe 
purposiveness to any part of the evolutionary process. 



CHAPTER II 


UNICELLULAR ANIMALS AND PLANTS 

Although it is not possible to offer any satisfactory definition of * life it is 
possible to describe living things and to point to certain qualities which are seen 
in them and not in inanimate things. In this chapter we shall describe the struc¬ 
ture and activities of two very simple animals, and the same number of simple 
plants ; we shall leam of some of the more important qualities distinguishing 
living organisms generally, and also something of the fundamental resemblances 
and differences between plants and animals. 

AMOEBA PROTEUS 

Protoplasm ; nucleus and cytoplasm 

Amoebaproteus (Fig. i) is a very small creature, just visible to the unaided eye or 
smaller, found in the water of ponds and ditches, where it crawls about in the mud 
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Fic. 2. Drawings of Amoeba made at intervals of approximately 10 seconds, to show the 

changing form. 


is passively rolled about inside the Amoeba as the animal moves. Forming the 
outer wall of the nucleus is a very delicate nuclear membrane which bounds it against 
the cytoplasm in which it is embedded. Little is known of the part played by the 
nucleus in the ordinary day-to-day life of the Amoeba , but that it is important can 
be shown by cutting the Amoeba in two ; the part containing the nucleus lives on 
indefinitely while that which lacks a nucleus does not survive for more than a few 
days. Living protoplasm is in a continual state of activity. This activity is 
largely chemical and there can be no doubt that the nucleus plays an important 
part in these chemical processes. Further, it is essential in the reproduction of the 
Amoeba and in heredity. 

The cytoplasm is the whole of the protoplasm not included in the nucleus. It 
shows a rather narrow outer zone which is very clear and transparent, the ecto¬ 
plasm. This is bounded at its surface by a very delicate surface membrane or plasma- 
lemma ; it is a universal property of living protoplasm to form such a membrane 
where it is in contact with a foreign substance (in this case, water). The greater 
part of the substance of the Amoeba is the endoplasm which is on all sides covered by 
the more superficial ectoplasm. The endoplasm is somewhat less transparent 
than the ectoplasm and is granular, the granules being of sizes ranging from those 
clearly visible to the microscope down to bodies which lie at the limits of micro¬ 
scopical vision, and between the granules is a more fluid material which is cer¬ 
tainly largely water but which doubtless contains many complex substances in 
solution. 


Pseudopodia and locomotion 

The blunt and irregular processes which protrude from an Amoeba are called 
pseudopodia (sing, pseudopodium). Each consists of endoplasm covered with a layer 
of ectoplasm. In an active animal new pseudopodia are continually being pushed 
out and others being withdrawn (Fig. 2 ). Except at the tip of a growing pseudo¬ 
podium, the ectoplasm and the more superficial part of the endoplasm are in a 
relatively solid condition resembling a ‘ set ’ jelly ; this is called the gel or gelated 




Fig. 3. A diagram 10 illustrate amoeboid motion 
in a * liinax ’ amoeba. The arrows indicate the 
forward streaming of the endoplasm^ its trans¬ 
formation into ectoplasm anteriorly, and its 
formation from ectoplasm posteriorly. 
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condition. The deeper parts of the endoplasm, on the other hand, are much more 
fluid, flowing like a liquid, and this is described as the sol or solated condition (see 
also pp. 3x1-312). The gelated superficial cytoplasm is firm enough to maintain 
the form of the animal. 

Changes in form and locomotion are brought about by the formation and 
withdrawal of pseudopodia. The formation of a new pseudopodium begins when 
in a small area of the surface the superficial cytoplasm changes from the gel to the 
sol condition ( solation ) and, being now liquid, flows out from the Amoeba forming a 
bulge which at first consists only of ectoplasm but into which endoplasm soon 
passes. Locomotion has been most satisfactorily studied in a type of Amoeba called 
the ‘ limax ’ form (Fig. 3), which 
differs from Amoeba proteus in having 
only a single pseudopodium and in 
moving always with this pseudo¬ 
podium forward, so that it has an¬ 
terior and posterior ends which are 
constant for comparatively long 
periods. The endoplasm flows for¬ 
ward into the pseudopodium, is 
there transformed, at the anterior 
end, into the solated ectoplasm of 
the advancing tip, and is then gel- 
ated and passed back to add to the ectoplasm of regions behind the pseudopodium, 
bince this continually goes on, obviously there would soon be no endoplasm left 
were it not that, at the posterior end, ectoplasm is as continually being transformed 
once more into endoplasm. The movement is thus a forward streaming of endo- 
p&sm inside a tube of ectoplasm, the endoplasm being transformed into ectoplasm 
t he antenor.end and the ectoplasm into endoplasm at the posterior end. The 
force which causes the forward streaming of the endoplasm is believed to be 
erted by the ectoplasm which, steadily contracting, tends to squeeze the endo- 
ot’rfT'’ 811 to flow inthe direction of least resistance, that is towards the area 
oufof a tube? rf Up ° fthe P se r ud °P° dium (much as one squeezes tooth-paste 
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podium touches a solid surface it flattens, the remaining protoplasm of the animal 
streams into it, and the Amoeba is thus soon established in contact with the sub¬ 
strate on which it can then move about and seek its prey. 

The change in behaviour of the animal when the first pseudopodium touches 
the solid surface shows that it is sensitive to mechanical contact. This does not 
imply that the animal is consciously aware that it has touched a solid but only that 
contact of its surface with a solid object causes a change in the behaviour of the 
protoplasm. The process is probably wholly automatic and unconscious ; it is 
indeed rather difficult to credit Amoeba with consciousness at all. When an agent 
in the external world thus acts upon an organism, and the organism responds by 
a change within itself, the relationship is said to be one of stimulus and response, and 
the power to respond to a stimulus is the property of irritability. 

Amoeba may be made to provide other examples of irritability. If a crawling 
Amoeba is touched at its ‘ anterior ’ end with a tiny glass needle, the direction of 
the protoplasmic streaming is altered and the animal moves off" in a new direction, 
away from the needle. The introduction of many kinds of chemical into the water 
causes the animal to move away from them, showing that it possesses a chemical 
sense such as we know (immensely more developed) as the senses of taste and 
smell. Amoeba also moves away from a strong light to which its protoplasm is 
therefore sensitive, a property which in us, much more developed in the retina of 
the eye and with the aid of many elaborate accessory organs, endows us with the 
sense of sight. On coming into contact with suitable food, Amoeba moves towards 
it. In all these cases the response of the animal to the stimulus is carried out, at 
least in part, by regions remote from those directly stimulated. Thus when Amoeba 
moves away from contact with a glass rod it does so by forming a pseudopodium 
at a point far from that stimulated. The effect of the stimulus is transmitted from 
one part of the animal to another, at which the response is made. This power of 
living protoplasm to transmit the effect of a stimulus is called conductivity. It 
reaches its greatest development in the fibres of the nerves of man. 

Food and feeding ; ingestion, digestion and absorption of food 

The food of Amoeba consists of almost any microscopic animals or plants, such 
as bacteria, Paramecium (p. io), etc. In Amoeba, as in nearly all animals, the food 
undergoes three processes before it is of use to the animal. These processes are 
ingestion, digestion and absorption. 

Ingestion involves enclosing the prey within the substance of the Amoeba (Fig. i), 
which it may enter at any point, for Amoeba has no localised mouth. This may 
happen by a simple sinking in of the food, the Amoeba being almost inactive in the 
process, or the Amoeba may engulf the prey by flowing round it, or the prey may be 
encircled and enclosed by a pseudopodium or the ectoplasm to which it adheres 
may be invaginated deep into the endoplasm like a tube which then transforms itself 
into endoplasm. It is believed that these differences in the mode of ingestion of 
food depend mainly on different surface tension properties of the prey and of the 
ectoplasm of the Amoeba. In any event the prey is enclosed in the endoplasm in a 
little fluid-filled cavity called a food vacuole. If the prey was actively moving when 
ingested its struggles to escape may continue for a while after its inclusion in the 
food vacuole but they soon cease. 

The food in the vacuole is enclosed by the protoplasm but is not in it ; the 
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vacuole is like a little bit of the outside world imprisoned in the Amoeba and it is 
probably lined by a membrane resembling that which covers the surface of the 
animal. Through this membrane there pass into the vacuole certain substances 
which not only kill the prey if it is alive, but act upon it chemically, breaking down 
its complex insoluble chemical constituents into their simpler soluble components. 
As a result, the original nature of the food gradually becomes less and less recog¬ 
nisable and at last it dissolves away more or less completely. This process is the 
digestion of the food. It is necessary for two reasons. First, only substances in 
solution can pass through the membrane of the food vacuole and so come into 
intimate mixture with the protoplasm of the Amoeba, and secondly the more com¬ 
plex substances in the food are of kinds more or less peculiar to the kind of animal 
or plant from which the food comes and must be broken down into their less com- 
plex constituents before they can be rebuilt into the materials peculiar to Amoeba. 

As digestion is completed, its dissolved products pass from the food vacuole 
into the endoplasm ; this is the absorption of the food. 

Very frequently not all parts of the food which has been included in a food 
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In this case, no energy is set free, but on the contrary additional energy must 
be provided in order that D may be created ; in other words, the reaction must 
be driven by providing energy- from a source outside the reagents. Such a reaction 
is said to be endothermic. 

Many of the processes occurring in organisms, and especially the chemical 
changes occurring in assimilation, when elaborate organic compounds are built 
up from less complex substances, are endothermic, requiring the expenditure of 
energy. So, of course, do such mechanical activities as pseudopodium-formation by 
an Amoeba or exercise in the case of man. The energy is provided by chemical 
changes liberating energy, that is by exothermic reactions. The performance of 
exothermic reactions, liberating energy which will be used by the organism in the 
doing of work, is the essential event in respiration. In most cases the exothermic 
reactions are oxidations. Oxidation is a form of combustion. When coal is burnt 
its carbon unites with the oxygen in the air to form carbon dioxide, and energy is 
liberated. This energy, in a coal fire, is in the form of heat and light and the heat 
may be used to boil water and drive an engine ; that is, in the man-made 
machine it is converted into mechanical energy. In a very similar manner, 
organisms burn their food, oxidising it, so that oxygen is used up, carbon dioxide 
and other substances formed, and energy set free. 

In many animals there are special organs for securing a supply of oxygen and 
for getting rid of the carbon dioxide. Man has lungs for this purpose, fishes have 
gills, and the oxygen and carbon dioxide are carried in the blood between the 
tissues of the body and the lungs or gills. Amoeba has neither lungs nor gills ; it is 
so small a creature that these gases easily diffuse between all parts of the protoplasm 
and the surrounding water and special organs are therefore unnecessary. 

Metabolism ; anabolism and katabolism 

The sum total of the chemical changes going on in an organism are called its 
metabolism. Metabolism includes all processes in which complex substances are 
broken down into, or built up from, the simpler materials and, in general, all the 
transformations of matter and energy which together make up the vital activities 
of the organism. The synthetic processes, those in which the complex is elaborated 
from the simple, are all included under the term anabolism, while the analytic 
changes, in which complex substances are broken down to simpler constituents, 
make up the katabolism of the animal. The most important single group of katabolic 
changes are those involved in respiration. Metabolism, of course, is the total of 
anabolic and katabolic activities. 

Excretion 

The organism is an immensely complicated chemical works which manufactures 
the living material itself, keeps it in repair, and is, at the same time, its own power¬ 
house supplying itself with energy. Like other factories, it also produces waste 
material. One of these waste materials is carbon dioxide, which, as we have seen, 
simply diffuses out of the animal into the surrounding water. But carbon dioxide 
is by no means the only waste material produced by metabolic processes. The 
chief of the other waste substances in Amoeba is uric acid, a product of the metabolic 
changes undergone by the proteins (p. 477), nitrogen-containing substances which 
arc extremely important food-stuffs. Uric acid, or the related substance urea, is 
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removed from the bodies of higher animals by the kidneys, but in Amoeba by far 
the greater part of the uric acid diffuses out through the surface membrane just as 
carbon dioxide does. 


Elimination of water 5 the contractile vacuole 

Careful examination of a living Amoeba will show, somewhere in the endoplasm, 
a clear vacuole (Fig. 1) which contains a fluid but no solid materials. It slowly 
increases in size, then suddenly contracts and vanishes. It is called the contractile 
vacuole. When it contracts the liquid within it is forced out of the Amoeba into the 
surrounding water. After contracting, it soon reappears, again slowly increases in 
size, and once more contracts and is gone. The time taken by each slow expansion 
varies in different individuals but is of the order of several minutes. The principal 
function of the contractile vacuole is the removal of water which continually 
diffuses into the Amoeba through its surface (p. 504). 



By courtesy of G.B. Equipments, Ltd. 

Fig. 4. An Amoeba dividing. 


Reproduction 

Like other organisms, Amoeba reproduces. It does so in a very simple manner 
in which no sexual process is involved and which is therefore said to be asexual. 
When about to reproduce, the animal withdraws its pseudopodia, becoming more 
or less rounded in form. The nucleus 
becomes dumb-bell-shaped, consist¬ 
ing of two rounded bodies joined by 
a narrowing waist, and inside it there 
occurs a complicated series of 
changes which are a special form of 
a process called mitosis (p. 316). 

It then divides into two across this 
waist, so that two nuclei are present 
in one Amoeba. Next, the cytoplasm 
constricts and then divides completely into two, each part containing one of the 
two nuclei. This simple reproductive process, whereby two Amoebae are produced 
by the division of one (Fig. 4), is called binary fission. At first, the two « daughter ’ 
Amoebae are each half the size of their parent; then they proceed to grow until 
they reach the full size, when each repeats the process, dividing again. In organ¬ 
isms thus reproducing by fission there is clearly no necessary death. Death may 
come by starvation, by accident or other misfortune but it is not, as with higher 
animals and plants, the inevitable end of life ; every Amoeba is thus potentially 
immortal, though destined sooner or later to divide into two. 

Encystment 
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PARAMECIUM 

Our second example of a simple animal is Paramecium, which lives, like Amoeba, 
in the water of stagnant ponds and ditches. 

Form and structure 

In size, Paramecium (Fig. 5) is just visible to the naked eye or smaller, and 
further differs from Amoeba in having a permanent form. It is shaped rather like 
a slipper, and hence is sometimes called the ‘ slipper animalcule ’. Paramecium 
moves with one end in front; this is the blunt end of the slipper, the pointed end 
being posterior. It also has dorsal and ventral surfaces. The ventral aspect is that 
which is directed towards a solid substrate, such as a rotting leaf; it is flattened, 
while the dorsal surface is more convex. The dorsal surface of the anterior end 
bears on its left side a shallow depression which runs backwards, and passes round 
the left side to the ventral surface. This is the oral groove. It extends, on the ventral 
surface, as far back as about one third of the length of the animal from the 
posterior end, and here it becomes a tube passing obliquely downwards into the 
interior. The tube is funnel-shaped, narrowing at its inner end, which lies in the 
endoplasm. It is called the gullet ; through it food is taken in. 

The whole body is covered by tiny, hair-like protoplasmic processes, or threads, 
called cilia. These lash to and fro and, acting like a multitude of tiny oars, drive 
the animal rapidly through the water. They are arranged in rows, and beat in a 
definite sequence, those at the anterior end first, and then those behind them. 
Thus, waves of lashing of the cilia pass successively along the body from in front 
backwards, like the waves in a field of wheat when the wind blows on it. This 
can scarcely be seen in healthy Paramecia, because the waves pass too rapidly, but 
are easily visible in dying specimens in which the waves travel slowly. The animal 
moves through the water in a spiral ; this is the result of the spiral course taken 
by the waves of ciliary beat. 

The cytoplasm of Paramecium resembles that of Amoeba in being divisible into a 
soft, internal, somewhat granular endoplasm and an outer ectoplasm. The ecto¬ 
plasm consists of a transparent cortex bounded by a pellicle. The cortex and 
pellicle are firmer structures than the ectoplasm of Amoeba, and to them Paramecium 
owes the constancy of its form. They are, however, elastic ; a Paramecium may 
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Fig. 5. Paramecium, ventral view (semi-diagrammatic). 
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suffer considerable distortion of its form in squeezing through a narrow space be¬ 
tween two obstacles, but the elasticity of its superficial parts at once restores the 
normal shape. Each cilium projects through the pellicle into the water, and is 
continued downwards to the base of the cortex. Embedded in the cortex are great 
numbers of spindle-shaped semi-liquid bodies called trichocysts. If the animal is 
irritated these suddenly elongate, becoming fine threads which project through the 
pellicle for a considerable distance into the water. It is believed that their func¬ 
tion is to act as organs of adhesion, anchoring the Paramecium to a firm substrate. 

The cilia are arranged in regular longitudinal rows. Between the rows and 
running longitudinally in the cortex, are very fine threads called myonemes. These 
threads are composed of a special kind of protoplasm in which the property of 
contractility is highly developed. Besides swimming by means of cilia, Paramecium 
is able to execute contracting and twisting movements, which help it to squeeze 
through tangled masses of minute water weeds and similar obstacles. These 
movements are carried out by contractions of the myonemes. 

The endoplasm is soft and more or less fluid, but less coarsely granular than 
in Amoeba. Enclosed within it are the nuclei. 


Paramecium differs from Amoeba in the nuclear apparatus. In Amoeba there is 
only a single nucleus, but Paramecium has two. One, the meganucleus, is large and 
roughly kidney-shaped. The other is a tiny structure, called the micronucleus, 
lying near the meganucleus in a depression in its side. (Some species have two 
micronuclei.) The meganucleus appears to be active in the ordinary day-to-day 
life of the animal while {he micronucleus is especially concerned with the peculiar 
sexual process presently to be described. 

The food of Paramecium is the bacteria which swarm in the water in which it 
hves, and which are captured by the stream of water maintained by the cilia. 

* cr ^ te a . cu ! Tent w , hich drives bacteria along the oral groove into the 
gullet. The cilia lining the gullet dnve the bacteria to its bottom, where it ends 
m the soft endoplasm. Here each, along with a tiny drop of water, become en- 

m ** cnd °P la f n « a food vacuole. Digestive juices are secreted into the 
ood vacuoles, as m Amoeba, and the bacteria digested. Although the rapid and 
m-egular streaming movements seen in the endoplasm of Amoeba do not occur in 
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Reproduction 

Reproduction in Paramecium is by binary fission (Fie 6) as in tu 
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vacuole and either the anterior or posterior half of the parental Paramecium. The 
division is followed by a reorganisation of the cytoplasmic structures which results 
in each product of the division having the structure of a small but complete Para¬ 
mecium. 

The sexual process j conjugation - 

Unlike Amoeba, Parameciumhas a sexual process which is called conjugation (Fig. j). 
It is also frequently referred to as sexual reproduction, but we shall see reasons for 
avoiding the phrase. In conjugation, two individuals, which are called ‘ con- 
jugants ’, come together with their ventral surfaces touching, and fuse in the 
region of the vesdbule. Next, the micronucleus of each conjugant enlarges and 
divides twice, so that there are four micronuclei in each. This is probably a 
meiosis (p. 435). Three of these four micronuclei degenerate and disappear. The 
remaining micronucleus of each then divides again, forming two micronuclei 
which do not degenerate. These two micronuclei are called pro-nuclei. 

While this has been going on, each meganucleus breaks up into fragments 
which later disappear. The crisis of conjugation approaches when one pro¬ 
nucleus, called the migratory pronucleus , in each conjugant, passes over into the 
other and there fuses with the non-migratory or stationary pronucleus. Thus each 
conjugant now contains one nucleus, the fusion nucleus, formed by the union of its 
own stationary pronucleus with the migratory pronucleus of the other conjugant. 

The two individuals now separate, and are called ‘ exconjugants \ In each 
exconjugant the fusion nucleus divides three times in rapid succession, so that 
there are now eight nuclei in each individual. Next, each individual divides 
twice. In these divisions, the nuclei do not divide again, but are simply sorted into 
the four products of the divisions so that each receives two nuclei ; later one of 
these becomes the meganucleus and one the micronucleus of the individual. De¬ 
tails of events after separation of the conjugants vary in different species of Para¬ 
mecium. 
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Amoeba or of one Paramecium have the same inheritance. Such a series is called a 
‘ clone But when the sexual process occurs, two nuclei, usually derived from 
different clones, fuse, and the fusion nucleus therefore has a new inheritance, a 
mixture of the inheritances of the two clones. The periodic performance of the 
sexual process by Paramecium thus ensures that the inheritance of each individual 
shall not be exactly the same as that of every other, but that there shall be in¬ 
herited variation. Now, no two environments are exactly alike. To us, one road¬ 
side ditch or puddle may appear very like another, but to a Paramecium, with its 
more intimate experience, they may be very different. The substances dissolved 
in the water, especially the acidity and oxygen concentration, will not be the 
same, the food and enemies will be different, and so on. The existence of varia¬ 
tion among different clones of Paramecium will greatly increase the probability 
that some individuals will be better adapted than others to survive in the particular 
conditions of a certain puddle. Thus the chance that some Paramecium will sur¬ 
vive in this difficult world is increased by the fact that not all Paramecia are alike. 
It is this result, the production of varied combinations of inherited characters, which makes 
syngamy of such great biological value. 

The sexual process in Paramecium is completed with the formation of the fusion 
nucleus, and there is still the same number of Paramecia as there were before. It is 
true that the ex-conjugants then proceed to divide, forming each eight new 
individuals, but these individuals are formed asexually, by binary fission. The 
sexual process itself is not concerned with increasing the number of individuals, 
but only with the union of nuclei ; it is for this reason that in Paramecium the term 
‘ sexual reproduction ’ should be avoided. All reproduction in Paramecium is 
asexual. In the higher animals, like man, the sexual process is so intimately con¬ 
nected with reproduction that we speak of sexual reproduction quite correctly ; 
but forms like Paramecium show that this relationship is secondary, the primary 
and fundamental function of sex being, not reproduction, but variation. 

Encystment 

Paramecium, like Amoeba, probably tides itself over unfavourable periods by 
encysting, when it can be blown about in the dust. It is for this reason that 
Paramecium can easily be obtained by steeping some dried grass in water for a few 
days. Encysted Paramecia are almost certain to be present and will soon colonise 
the artificial pond, feeding on the bacteria which are also present. In addition 
many other microscopic organisms will be present, often including Amoeba. 

PROPERTIES OF LIVING THINGS AS ILLUSTRATED BY AMOEBA AND 

PARAMECIUM 

Protoplasm and the cell 

Amoeba and Paramecium, and the living parts of all other organisms, consist of 
protoplasm. We shall deal with the properties of protoplasm more fully in Chap¬ 
ter 25 ; for the present it will suffice to make a few points and to guard against 
certain errors. 

Protoplasm is not a single substance with a fixed and definite chemical com¬ 
position, but is an extremely complex mixture of a great many substances. The 
chief among these are the proteins, organic nitrogen-containing compounds, whose 
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structure is the most complex known to chemists. Further, there are not one, but 
many, protoplasms, that of every kind of organism being different from that of every 
other ; Amoeba protoplasm is different from that of Paramecium , the protoplasm of 
a sheep from that of a goat, and so on. Even within an organism there may be 
protoplasms of many different kinds, that of the nucleus of Amoeba or Paramecium 
being, for example, different from that of the cytoplasm, that which makes up the 
muscles of a man different from that of his brain. Further, protoplasm is in a con¬ 
tinual state of flux ; the chemical and physical changes which make up its meta¬ 
bolism are always going on. 

The unending release of energy by oxidation of food materials, the synthesis 
of elaborate organic substances and their incorporation as part and parcel of the 
protoplasm, the events involved in the 4 perception * of stimuli, in the conduction 
of the effects of the stimulus, and in the response, make the composition of proto¬ 
plasm a thing which is ever changing. However great might be our knowledge 
of its constituents and their mode of combination any description would be 
erroneous if it did not take into account this fact of unceasing change. Protoplasm 
is the physical basis of life ; life is the changes which occur in living protoplasm. 

The protoplasm of both Amoeba and Paramecium is organised into nucleus and 
cytoplasm, and in both the whole organism consists of one protoplasmic unit. 
Such a unit is known as a cell. Organisms consisting of but one cell are said to be 
unicellular , those made up of many to be multicellular. Such a division of the proto¬ 
plasm into nucleus and cytoplasm is common to the vast majority of organisms, 
both plant and animal, and is absent only in a few plants of extremely primitive 
organisation, like the Bacteria. 


Metabolism 

Protoplasm is formed from foreign substances (the food) which the animal 
takes into itself and in which it brings about a great variety of chemical transfor¬ 
mations. The end result of some of these is the formation of new protoplasm from 
constituents of the food. In others, food materials are broken down, by their 
combination with oxygen, and their potential chemical energy released as kinetic 
ency which the organism then uses to ‘ drive ’ endothermic reactions, to do 
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full size and develops any parts which it lacked when it was separated from its 
parent. In Amoeba and Paramecium the part ‘ separated ’ is half of the whole, and 
each of the two halves forms a new whole. In Amoeba the two individuals formed 
by binary fission must obviously grow to attain the adult size ; but, since Amoeba 
shows so little differentiation of its parts, it can scarcely be said that any develop¬ 
ment is necessary. In the more elaborate Paramecium, however, one of the daughter 
individuals will lack the oral groove and each will have but one contractile 
vacuole, so that each must develop the structures which it lacks before it is a com¬ 
plete Paramecium. In the higher animals and plants, with their great complexity, 
reproduction usually consists in the separation of some relatively tiny reproductive 
body which must multiply its size many times, and undergo a long and complicated 
development, before the adult is reproduced in a new generation. 

Since Amoeba proteus is without a sexual process, evidently sex is not universal 
among all organisms, though it is very widely distributed indeed ; and Paramecium 
shows that its principal significance is in the production of variety, not in multipli¬ 
cation. 

Movement and contractility 

Both Amoeba and Paramecium show movement of two kinds. First, each is 
capable of locomotion, moving from place to place, and second, there are move¬ 
ments of the protoplasm without locomotion of the whole organism. The latter 
movements are seen in the endoplasmic streaming by which the food vacuoles 
are caused to circulate, and in the contractions of contractile vacuoles. Proto¬ 
plasmic movements are to be detected in many organisms, which are incapable 
of locomotion ; trees do not walk about, but their protoplasm is not without the 
power of movement. In Amoeba and Paramecium the mechanisms of locomotion, 
pseudopodia and cilia, are very different from one another and from the limbs of 
men, yet common to all these is the very widespread protoplasmic faculty of 
contraction. We have seen that when Amoeba forms a pseudopodium there is in¬ 
volved a contraction of its gelled ectoplasm ; when a cilium of Paramecium beats 
the water one side of the tiny threadlet becomes shorter than the other ; and 
when a man bends his arm, he does so by contracting muscles which, becoming 
shorter, bring the fore-arm nearer to the shoulder. Whether all protoplasm is 
thus contractile is doubtful, and certainly some kinds of protoplasm exhibit this 
faculty, if at all, only in minimal degree. 

Stimulus and response ; integration 

All organisms respond to stimuli, though the kinds of stimulus which are 
effective, and the responses made, vary widely. It is important to understand 
that response to a stimulus is active, not merely passive. A push applied to a stone 
at the top of a hill will cause it to roll down the hill ; the movement is wholly 
passive, inflicted upon the stone by the forces of the push and of gravity. A prick 
with a glass needle causes Amoeba to crawl away, but the force which moves the 
Amoeba is generated by the Amoeba, the energy expended is the Amoeba’s energy, 
and the work done is the Amoeba's work. There is no analogy between the stone 
and the Amoeba. But if you take a substance like dynamite and hit it with a 
hammer, it will explode, and the energy of the explosion is derived, not from the 
blow with the hammer, but from the potential chemical energy of the dynamite. 
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Here, there is an analogy with Amoeba ; for in both dynamite and Amoeba, an 
agent acting from without has caused a release of energy from within ; and the 
energy of the stimulus is not proportional to the energy of the response. The 
energy used up in ordering a porter to lift a heavy load is not related to the energy 
which the porter must display if he lifts it, nor is there any relation between the 
energy of an electric spark and of the mine which it fires. The same is true when a 
pin is stuck into the tail of a tiger. Thus the two characteristics of a response to a 
stimulus are (i) that the change induced in the organism by the stimulus, that is, 
the response, is not passive but active, and involves the expenditure of energy by 
the organism, ( 2 ) that there may be no quantitative relation between the energy 
of the stimulus and the energy liberated in the response. 

Every organism is in some degree an integrated unit. That is, it is not merely 
an assemblage of unrelated parts each acting independently of all the others, but 
an orderly whole, acting as a whole, with the activities of the parts subordinated 
to those of the whole. It is this subordination of the parts which is meant by the 
term integration. Such integration is only possible if there is some form of com¬ 
munication between the parts, and this communication depends upon the con¬ 
ductivity of protoplasm, that is, on its power to transmit the effects of a stimulus 
from the place of its impact into distant regions where the response is made. In 
the higher animals, where the elaborate structure demands a correspondingly 
perfect mechanism of integration, this function is carried out chiefly by the nervous 
system, the protoplasm of which is very specialised for conductivity. 


CHLAMYDO MONAS 

Form and structure 

The first plant we shall study is a microscopic and unicellular organism, 
UiLamydomonas (Fig. 8), so small that it is not easy to make out much of its structure 
even with the high power of a microscope. It lives in stagnant fresh water, often in 
such great number's as to give to the water its own green colour. Chlamydomonas has 
an approximately ovoid form, and this shape is constant. The protoplasmic body is 
enclosed m a very delicate transparent sheath which is not protoplasmic and is 
therefore not alive. The sheath, which is known as the cell-wall, is made of a sub- 

_r The presence of cell-wall prevents the formation of 
pseudopodia or the performance of wriggling movements like those seen in Pena- 
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From ' The Invertebrata ' by BorradaiU, Potts, Eastham & Saunders, 
by permission of the Cambridge University Press 

Fic. 8. A , Chlamydomonas ; B , Chlamydomonas dividing. The flagella have been with¬ 
drawn, the nucleus is dividing, the division of the cytoplasm has begun, and the pyrenoid 
has divided. C, A Chlamydomonas individual has divided twice, within its cell-wall, giving 
rise to four daughter cells, each of which has acquired its own cell-wall and will soon be 
released from that of the parent individual. The large black spot is the stigma. 


which can often be found clustered around it. In the protoplasm at the end of the 
cell near the bases of the cilia are two tiny contractile vacuoles. 

Like most motile unicellular plants Chlamydomonas swims towards a moderately 
intense light. Close to the anterior end is a spot of reddish pigment, the stigma. 
This is shaped rather like a tiny cup and in its concavity is a region of cytoplasm 
so specialised as to be sensitive to changes in illumination ; it is called the 
photoreceptor. A swimming Chlamydomonas moves in a spiral manner, rotating 
around its own axis, and the stigma is so placed that, if the Chlamydomonas is 
illuminated from the side, its photoreceptor must be shaded by the stigma once in 
every revolution. At each such change in illumination the photoreceptor is ex¬ 
cited, and, just as in Amoeba stimulation at one point may elicit a reaction at an¬ 
other, so in Chlamydomonas the excitation of the photoreceptor affects the mode of 
action of the flagella which cause the organism to turn towards the light. When 
the plant is swimming towards the light the shadow of the stigma is not cast upon 
the photoreceptor and the plant does not turn away from such a course. Thus the 
photoreceptor with its stigma is, like the human eye, an organ of sense, though of 
course a very simple one. It is interesting that, while we are not ordinarily 
accustomed to think of plants as able to ‘ detect ’ events in the outer world at 
all, and although senses and sense organs attain to far greater development among 
animals, yet where such faculties are advantageous plants do display them and 
may develop special organs in connection with them. In the present instance the 
advantage lies in bringing the plant into the light which plays an essential part 
in its nutrition (p. 20). 

Reproduction 

When Chlamydomonas is about to reproduce asexually, the protoplasm with¬ 
draws from the cell-wall, and then nucleus and cytoplasm divide to form two cells, 
and these may divide again to form four (Fig. 8 ). The daughter-cells each acquire 
a new cell-wall and in all respects resemble an adult Chlamydomonas , except in size. 
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Reproduced by permission from 1 Cryptogamic Botany * by G. M. Smith . 
Copyrighted , 1938 , by the McGrow HiU Book Co., Inc. 


Fig. 9. Sexual reproduction in Chlamydomonas . gamete formation by division of an 

individual in whose cell-wall they arc seen enclosed. B y two liberated gametes ; notice 
absence of cell-wall. C, D and E, syngamy. In E t cytoplasmic fusion completed, but the 
nuclei (small clear circles) still separate. F, zygote enclosed in thick cell-wall. 


After swimming for a time still enclosed in the old cell-wall, they eventually burst 
out and each, after growing to the full size, repeats the process. 

The sexual process in Chlamydomonas is preceded by division of the protoplasm 
in much the same way as in asexual reproduction, but instead of only two or four 
daughter cells, the number formed varies from eight to sixty-four. These little 
cells again resemble the ordinary Chlamydomonas except in size and, in some species 
of Chlamydomonas , in lacking the cell-wall. When liberated into the water by the 
destruction of the old cell-wall they swim about, and then, approaching one 

fh™?’ f Th t0gC t ^ cr “ P"” ( p, 8- 9)» the two nuclei uniting, so that a single cell is 
formed. The cells which thus fuse are called garruUs, and the product of their 
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Fig. io. Pleurocoecus 
(semi-diagrammalic). 


very minute unicellular organisms called Pleurocoecus 
(Fig. io.) Each Pleurocoecus is enclosed in a cell-wall 
resembling that of Chlamydomonas , but is more or less 
spherical in form and lacks flagella or indeed, any 
other mechanism for locomotion. In the protoplasm 
is a large chloroplast of an irregularly lobed form, and 
the nucleus is situated at or near the centre of the cell. 
There are no contractile vacuoles and no eye-spot. 
Reproduction occurs by a process of binary fission which 
need not be described in detail. No sexual process is 
certainly known. 


DIFFERENCES BETWEEN ANIMALS AND PLANTS 

If we compare the plants Chlamydomonas and Pleurocoecus with the two animals 
Amoeba and Paramecium we may note a number of resemblances and differences 
between them. 

The most fundamental points of likeness are that both the animals and the 
plants consist of protoplasm, and that in each the protoplasm is divided into 
nucleus and cytoplasm. In addition, each of our examples consists of a single 
protoplasmic unit, and is not, as the higher animals and plants are, an aggregate 
of innumerable such units. They are, in other words, unicellular. 

Turning to the differences, one of great importance may already be obvious. 
The manner in which Amoeba and Paramecium obtain and engulf their food has been 
described ; but nothing has been said of how the plants satisfy their material needs, 
or of what those needs are. Everybody knows that the higher plants do not eat solid 
food, and the same is true of all plants, including Chlamydomonas and Pleurocoecus. 
Nevertheless, since they grow and respire, there must be some way in which they 
replenish and increase their material substance. Unlike animals, green plants are 
able to build up their protoplasm, their cell-walls, and everything in them from 
very simple inorganic raw materials. These raw materials are water, the gas 
carbon dioxide, and inorganic mineral salts from the soil. Carbon dioxide is ob¬ 
tained from the surrounding air or water according to whether the plant is 
terrestrial or aquatic. From these substances the plant makes all its complex 
constituents including its protoplasm. This is an endothermic process, and we 
must consider whence the plant obtains the energy to perform this feat of chemical 
engineering. 

Chlorophyll answers the question. When exposed to sunlight chlorophyll 
absorbs certain of the light rays, the remainder passing through or being reflected. 
The absorbed light rays have energy ; this energy is absorbed by the chlorophyll 
and used to drive a remarkable endothermic reaction, called photosynthesis , in 
which water and carbon dioxide are combined together to form the simple sugar 
glucose. There is more potential energy in a molecule of glucose than in the mole¬ 
cules of water and carbon dioxide from which it was formed, and this additional 
energy is derived from that of the light rays absorbed by the chlorophyll. The 
glucose is thus a store of energy which the plant originally obtained from the sun. 
Later, some of the glucose is oxidised in respiration, being broken down again into 
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carbon dioxide and water, liberating its energy. This is then used by the plant 
to drive the energy-consuming reactions by which mineral salts from the soil and 
the remaining glucose are built up into protoplasm, the cell-wall and the numerous 
other complex organic constituents of the organism. 

The significance of starch, a very common substance in plants, is as a reserve 
of glucose, for it is formed by the combination together of many glucose molecules, 
and the plant easily recovers the glucose by splitting up the great starch molecules 
again. The mode of nutrition characteristic of green plants, whose foundation is 
photosynthesis, is described as holophytic, and because they depend on no other 
organisms for their supply of complex organic materials, green plants are said to 
be autotrophic. 

Now, animals differ from plants in two fundamental respects. First, they lack 
chlorophyll and are unable to utilise the energy of sunlight in the synthesis of glucose or of 
any other substance. The only source of energy which they can use is the chemical energy 
locked up in the molecules of certain substances of high energy content. One, and the chief, 
of these substances is glucose. Like plants, animals obtain energy by oxidising 
glucose (or other ‘ respiratory substrate ’) in respiration, but since they cannot 
make glucose for themselves, as plants do, they must obtain it ready-made, and 
this they do by eating plants (or other animals which have themselves eaten plants). 
Secondly, animals are unable to synthesise their protoplasm or its organic constituents from 
mineral salts and glucose as plants do. The animal requires its food to be already in a 
chemically highly elaborated condition ; given such complex, if foreign, substances as 
it finds m the bodies of other animals or plants, it can rearrange their constituents 
and biuld its own substance from them. It cannot build itself from raw materials 
at the inorganic level. The mode of nutrition characteristic of animals is dc- 
scnbed as halo zoic while, because of their evident dependence on green plants 
for their supply of organic food materials, animals are said to be heterotrophic. 

I he mode of nutrition is accepted as the criterion distinguishing plants from 
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sacrifice the safe seclusion accepted by the plant cell in favour of the greater 
mobility of nakedness. 

If animals owe their mobility to the nakedness of their cells, it is at least in 
large part true that they owe to their mobility the great structural complexity 
which, by contrast with plants, they display. The advantage of locomotion 
resulted in the evolution of organs like muscles and limbs ; that of the power to 
take effective action, by attack or flight, in the search for food or the avoidance of 
enemies, led to the development of sense organs by which food, foes, and other 
circumstances of life might be detected, while the necessary correlation between 
the organs of sense and of locomotion was provided by the nervous system. Again, 
who takes solid food must have a sac or tube to put it in, whether it be the food 
vacuole of an Amoeba or the stomach and intestines of a man. Thus, the kind of 
life which animals lead (itself made necessary by the nature of their food, and 
possible by the absence of cell-walls) attaches advantage to greater complexity 
of structure than is found in the plant, condemned by its cell-walls to immobility, 
but enabled by its powers as a chemical factory to live in a manner which permits 
of permanent immobilisation. 


EUGLENA AND THE FLAGELLA TES 

The contrast we have drawn between plants and animals, and the examples 
we have described, would suggest the existence of a sharp distinction between the 
two great groups of organisms, plants being known by their holophytic nutrition, 
and animals by their holozoic nutrition, and, (provided its mode of nutrition is 
known) there being no doubt about whether any organism is a plant or an animal. 
Such a sharp difference does indeed exist between most kinds of animal and most 
kinds of plant. But the distinction is not so easily drawn in every case. 

There is a large assemblage of unicellular organisms which resemble one 
another in the possession of one or more flagella as organs of locomotion. They 
are called flagellates, and one of them is Chlamydomonas. Another is Euglena. 
Euglena (Fig. 11 ) is a spindle-shaped organism found in stagnant water, especially if 
the water contains such decaying organic material as manure. It reproduces by 
longitudinal binary fission. It is in size between Chlamydomonas and Paramecium . 
It swims by means of a single long flagellum, the movements of which draw the 
organism forwards, and which protrudes from the anterior end. Here a narrow 
canal opens on to the surface and is continued backwards, soon expanding into a 
globular cavity called the ‘ reservoir \ The flagellum arises from the wall of the 
reservoir and passes outwards through the canal. There is no cellulose cell-wall 
such as occurs in Chlamydomonas and Pleurococcus y but the superficial cytoplasm 
of the organism is differentiated as a thin and elastic but strong pellicle ; its 
elasticity permits the curious movements which have come to be known as 4 eugle- 
noid 5 and which occur in a number of other unicellular organisms besides Euglena . 
These are curious wriggling movements caused by local contractions of a part of 
the cytoplasm while the remainder, with its pellicle, is stretched. 

Enclosed by the cytoplasm is a single nucleus and in most kinds of Euglena 
(like E. vindis y E. gracilis , etc.) a number of green chloroplasts. These may be 
small disk-like bodies or each may be lobed ; or, as in one of the commonest 
species (E. vindis) , they may have a band-like form and be arranged to form a 
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star-like group. The chloroplasts may contain pyrenoids. In addition, there are 
in the cytoplasm granules of a substance called paramylon. This is a polysaccharide 
carbohydrate (p. 476) and is therefore a substance related to starch (the form in 
which nearly all green plants store the sugar they make in photosynthesis), and to 
glycogen (the form in which sugar is stored by animals). 

As in Amoeba and Paramecium, a contractile vacuole removes excess water which 
continually diffuses inwards. Lying close to the reservoir it discharges into it, and 

after discharge is reformed by the coalescense of a group of minute accessory 
vacuoles. 

Near the reservoir is a spot of pigment, the stigma. On the base of the flagellum, 
close to the stigma, is a thickening which is believed to be the photoreceptor ; the 
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mode of action of stigma and receptor is very much as in Chlamydomonas (p. 18) ; 
like Chlamydomonas, Euglena swims towards a moderate light. 

The light-directed movements of Euglena have a clear significance for its 
nutrition, for, owing to the presence of chlorophyll, Euglena, like Chlamydomonas, is 
holophytic. In Chlamydomonas the glucose formed in photosynthesis is, for storage, 
transformed into starch, and in Euglena, into paramylon. 

Now, we have already mentioned a structural feature by which Euglena differs 
from typical unicellular plants like Chlamydomonas or Pleurococcus : it has no cell- 
wall. There are also nutritional differences. The ‘ typical ’ plant obtains no 
chemically complex organic food materials from outside itself, but on the contrary 
synthesises all such substances and its own protoplasm, from carbon dioxide, 
water, and mineral salts. Experiment shows that the green kinds of Euglena can 
do this but that they can also take up and use, as foods, some kinds of organic sub¬ 
stances in solution in the water. No doubt this explains their predeliction for 
stagnant waters in which organic matter is rotting away. 

Thus the green species of Euglena can be autotrophic but are habitually, to some 
extent, heterotrophic. At least one kind of green Euglena, Euglena gracilis, can live 
and multiply in the dark (when photosynthesis is prevented and holophytic 
autotrophic nutrition is therefore impossible), provided the water contains in 
solution a sufficient supply of necessary organic foods. An organism which is 
normally in the main autotrophic has thus been transformed into one which is 
heterotrophic. Further, the transformation may become permanent ; the species 
E. gracilis, if kept in the dark, may lose its chloroplasts and can then never recover 
them again, even in the light. Besides this experimental transformation of a green 
autotrophic Euglena into a colourless heterotrophic one, there are a number of 
naturally occurring colourless heterotrophic species of Euglena ; these may very 
possibly have come into existence from green forms which in some way lost their 
chloroplasts and were able to survive because of their ability to utilise organic 
substances in solution in the water. 

Plants which nourish themselves by taking up organic materials in solution are 
said to be saprophytes (unless they obtain these materials from and at the expense of 
another living organism, when they are parasites (p. 520)). Since all such materials 
have originally been formed by living organisms, saprophytes in their nutrition 
resemble animals. It is true that animals typically take in their food in the solid 
form (holozoic nutrition) but this is by no means always so ; the tape-worm, for 
example, is indisputably an animal but has neither mouth nor gut and lives by 
taking up over its whole surface organic substances in solution. No species of 
Euglena takes in solid food, but several of its relatives are holozoic. Such are 
Peranema (Fig. 11), Heteronema, which has two flagella, and Copromonas which eats 
bacteria in the faeces of frogs. All these and others ingest solid food and digest it 
in food vacuoles just as Amoeba and Paramecium do. From the point of view of 
nutrition (and we accepted nutrition as the criterion separating plants and animals) 
such organisms as these are animals. 

We thus find, in one group of flagellates, some species (the green Euglenas) 
which are holophytic though with a tendency towards saprophytism (by which 
they may supplement their holophytic nutrition), some (the colourless Euglenas) 
which are saprophytic, a mode of nutrition which they share with some animals 
(said to be saprozoic), and some ( Peranema, etc.) the nutrition of which is holozoic. 
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CHAPTER III 


A SIMPLE MULTICELLULAR ANIMAL, HYDRA 

The organisms we have so far studied all agreed with one another in consisting 
of a single protoplasmic unit or cell, divided into nucleus and cytoplasm. They 
are unicellular organisms. The great majority of living organisms, however, are 
multicellular, the body being made up of large numbers of cells. 

HYDRA, A SIMPLE MULTICELLULAR ANIMAL 

External features ; movement 

As our first example of a multicellular organism we take Hydra, a small fresh¬ 
water animal found on water weeds. There are three British species. Hydra 
vindis is green in colour, H.fusca is brown, and H. grisea is orange-brown. In all 
three species, the general form of the body is, when not contracted, thread-like. 
One end of the thread is seated on a water-weed, while the other, which hangs 
free in the water, gives off about six or eight thinner threads which are tentacles 
used for the capture of prey. The greatest length of the body, without the ten¬ 
tacles, is about 25 mm. If one of the tentacles is touched, it at once contracts, 
becoming much shorter and thicker, and a more forceful interference will cause a 
contraction of the entire animal, which becomes a little pot-shaped object scarcely 
longer than it is wide, with the tentacles reduced each to a little knob-like pro¬ 
jection. 

The tentacles are arranged in a circle around the distal 1 end of the body. 
Between them the thread-like body ends in a little conical projection, the oral cone 
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Fig. 12. Hydra. The specimen on the right has a bud. 


1 The term ‘ distal * means ‘ away from the centre of attachment *, O.E.D. Thus the hand is 
distal to the elbow, and the tentacles of Hydra are situated distally from the point of attachment to 
the water-weed. ‘ Proximal * is the opposite of distal : the elbow is proximal to the hand, and the 
base of a tentacle in Hydra is proximal to its tip. 
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Fjo. 13. A diagram of the two modes of locomotion in Hydra (after Borradaile). 

(Fig. 14), at the top of which is an aperture, the mouth. At the point of attach¬ 
ment to the weed there is a slight disk-like expansion, the basal disk, or foot. 

Hydra can move about in either of two ways. Usually, it first extends itself, 
then bends over, attaches itself by means of its tentacles to the substrate, and then 
detaches its foot from the substrate and moves it to a position near the ring of 
tentacles, after which it again extends and attaches its tentacles further on, then 
once more bringing up its foot. This mode of locomotion, very much like that 

of a looper caterpillar, is illustrated in Fig. 13. In the other mode of loco- 
motion it somersaults. 


Structure 
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Fig. 14. A diagram of a Hydra cut in half longitudinally. 

(1) The most numerous are musculo-epithelial cells. These are roughly conical 

or pear-shaped with the wide ends outwards and meeting one another, so that the 
external surface of the animal is made by their expanded ends. Each, of course, 
has a nucleus. The narrower inner ends extend down to the mesogloea, where 
they expand slightly, and here there is given off from each cell one or more long 
processes or fibres which extend for some distance up and down the body, near the 
mesogloea. These fibres are contractile, and when they contract the body of the 
Hydra is shortened, while if the contraction occurs only on one side of the body, 
the Hydra bends over towards that side. Because of their contractile powers, they 
are known as muscle processes. It will be noticed that in Hydra the same kind of cell 
forms both the outer covering of the body and provides a part of the muscular 
apparatus. - 

(2) Lying in the spaces between the narrow basal parts of the musculo- 
epithelial cells arc groups of smaller, rounded cells, called interstitial cells because 
of their position in the interstices between the musculo-epithelial cells. They are 
reserve cells and may turn into any of the other kinds of cells as required. 
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Fig. 15. A, a musculo-epithelial cell of Hydra seen from below, showing three muscle 
process ; B, the same in side view. A, after Goodrich, B, after Gelei. 
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(3) Also lying between the musculo-epithelial cells are cells called nematoblasts 
(Fig. 16). Embedded in each nematoblast is a remarkable structure called a 
nematocyst. Each nematocyst is a sac the outer end of which is invaginated into 
itself as a long thread coiled like a watch-spring inside the sac. At the base of the 
thread, pointing inward, is a series of barbs. The coiled thread lies in a fluid which 
fills the nematocyst. Projecting from the free surface of the nematoblast, beyond 
the general level of the ectoderm, is a tiny hair-like process, the cnidocil. The 
nematocysts are weapons of offense. They are most numerous on the tentacles to 
which batteries of them give a warted appearance, but they are also found in the 
ectoderm of the trunk. The principal food of Hydra is a little crustacean called a 
4 water-flea ’. The Hydra sits on water-weeds with its tentacles extended and 
widely spread in the water. Sooner or later a water flea touches a tentacle and 
it then necessarily also touches the tiny cnidocils projecting from the surface. When 
a cnidocil is thus stimulated there follows a response by the nematoblast and 
nematocyst. The exact nature of the response is unknown, but its end-result is 
the rapid emergence of the coiled thread in the nematocyst, turning inside out as 
it goes, its barbed base coming out first from the surface of the tentacle. The barbs 
make a wound in the water flea, and, as the rest of the long thin thread is driven 
out of the nematocyst, it is forced into the wound. The result is that the water 
flea, its surface penetrated by large numbers of these threads, is anchored to the 
tentacles of the Hydra . The thread also carries with it a poisonous fluid, which 
paralyses the water flea. There are several kinds of nematocysts, some of which 
produce spiral threads, which wind around hairs and other projections from the 
surface of the prey, while in others the thread is sticky and adheres to the surface. 
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Fig. 17. The structure of (he body wall of Hydra viridis (semi-diagrammatic). 



A SIMPLE MULTICELLULAR ANIMAL ; HYDRA 


3 « 


Discharged nematocysts cannot be used again, but are replaced by new nemato- 
blasts, which are formed from interstitial cells. 

(4) Also scattered in the ectoderm are sensory cells or sense cells. These are cells 
specialised in the function of irritability. Sensory cells are found in all multicellular 
animals ; usually they are of several different kinds, each sensitive to some 
particular kind of stimulation, as to touch, to chemical stimulation (the sense of 
taste and smell), to light, to the vibrations of sound waves, and so on. Only a 
comparatively few animals possess the full array of senses which we know in 
ourselves, and some have senses of which we lack any direct knowledge. 

Hydra has cells specialised for sensitivity to touch, to certain chemical stimuli 


(especially to the presence in the water of substances given off by their principal 
food, the water-flea) and perhaps also to other kinds of stimulus, such as light. 
They are tall narrow cells scattered in the ectoderm among the musculo-epithelial 
cells. Each bears a tiny hair-like structure which projects a little above the general 
level of the ectoderm, while the lower end of the cell is continued into a fibre-like 
process which comes into close contact with a similar process of a nerve ceil. 

(5) /The nerve cells lie close to the mesogloea and each gives off two or more pro- 
cesses which may branch. They are specialised in the function of conductivity. 1 The 
state of stimulation travelling through an excited sensory cell is called an impulse 
and, where the descending process of the sensory cell makes contact with a process 
of a nerve cell, the impulse crosses from the sensory cell into the nerve cell Some 

° C %? ccsscs of ever V nerve «11 come into contact with processes of other nerve 
ceUs. /The nerve cells over the whole Hydra are thus linked up with one another 
through the contacts between their processes, in a sort of nervous net-work (Fie. 18)’ 
This net-work is called the nerve net. j A V 8 U 

nerve cell, with all its processes, is called a 
neurone , and the contact between the pro¬ 
cesses of two neurones, or of a neurone 
and a sensory cell, is called a synapse. 

When a neurone is excited by an im¬ 
pulse entering it from a sensory cell 
with which it is connected by a synapse, 
the impulse is transmitted into all its 
processes, thence, across other synapses, 
into the processes of other neurones, and 
so on. The impulse is therefore con¬ 
ducted in all directions through the 
nerve net and may travel to all parts 
of the Hydra. Now, processes of the. 
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sensory cells and with other neurones, 
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muscle processes of the musculo-epithe- 
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cell is the middle-man between the sensory cells and the muscle processes, trans¬ 
mitting the excitation from the sensory cell, not only to muscle processes close by, 
but also to others far away in distant parts of the animal. This is an obvious 
necessity for the life of the Hydra. If, for example, one tentacle attaches itself by 
its nematocysts to a water-flea, the others co-operate when impulses coming from 
the active tentacle reach them through the nerve net. 

(6) Finally, there are on the ectoderm, but confined to the basal disk or foot, 
certain cells the function of which is to manufacture an adhesive substance by 
means of which the Hydra attaches itself to its support. 

The endoderm and digestion 

The endoderm, too, consists of several kinds of cell (Fig 17) and in Hydra viridis 
one of these does not really belong to Hydra at all, but is a plant living in it. 

(1) The most numerous and conspicuous of the endodermal cells are the nutritive 
cells. These are large cells the free end of which (that is, those projecting into the 
lumen of the gut) are produced into blunt processes like the pseudopodia of Amoeba, 
while some bear long whip-like flagella. The cytoplasm may contain food vacuoles 
like those of Amoeba, and their basal ends are produced into muscle processes 
resembling those of the ectodermal musculo-epithelial cells, but extending in a 
circular manner around the Hydra. The contractions of these processes, aided by 
the elasticity of the mesogloea, makes the animal narrower but longer ; they thus 
have the opposite action to that of the ectodermal muscle processes. 

(2) Found especially in the endoderm of the oral cone are secretory cells. These 
cells produce digestive juices which are poured into the gut when food is present. 
In feeding, a water-flea, seized by the tentacles and attached by the nematocysts, 
is passed through the mouth into the gut. Digestion of the prey is in two stages. 
First, the action of the digestive juices secreted by the endodermal secretory cells 
breaks up the food into tiny pieces, and then these fragments are seized by the 
pseudopodia of the nutritive cells and ingested. The lashing of the flagella on 
some of the endodermal cells is believed to stir the contents of the coelenteron so 
that the digestive juices may be thoroughly mixed with the disintegrating food. 
Digestion is completed in food vacuoles, as in Amoeba. Such digestion in the 
interior of cells is called inlra-cellular digestion, and does not occur in the verte¬ 
brates, among which the food is completely digested in the cavity of the gut and 
its constituents dissolved before they are taken up by the cells of the gut wall. 
Some sensory and nerve cells are found on the endodermal side of the mesogloea, 
but are probably derived from the ectoderm. There are also a few interstitial 
cells. ^ 

Symbiosis 

In H. viridis, within the nutritive cells of the endoderm, are found great num¬ 
bers of small, spherical, green bodies (Fig. 17). These multiply by binary fission, 
and the green substance is chlorophyll. Each is, in fact, a unicellular plant called 
Zoochlorella, related to Chlamydomonas. Now, as we have seen, plants build up their 
protoplasm from carbon dioxide, water and mineral salts. Hydra, being an animal, 
produces as waste both carbon dioxide and various nitrogenous compounds, and 
it is believed that these arc used by the Zoochlorellae which thus act as a sort of 
excretory organ for the Hydra. In addition, the Hydra j>ossibly obtains from the 
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Zoochlorellae substances which the latter make primarily for their own use but 
which they make in excess, and which Hydra cannot make at all. The chief of 
these is probably sugar. Thus, there is a partnership between the animal and the 
plants which inhabit its tissues, each party deriving benefit from the arrangement. 
Such partnership is known as symbiosis (p. 570). 

Hydra has neither blood nor blood vessels and no organs of excretion or respira¬ 
tion. These structures are unnecessary because of the absence of large and dense 
masses of tissue. It is possible for all the cells of Hydra to obtain oxygen directly 
from, and to surrender their carbon dioxide directly to, the water outside the animal 
or in the gut, and other excreted material can be removed in the same way. In 
Hydra viridis respiration and excretion are assisted by the Zoochlorellae, for, as long 
as they are in the light, these, being green plants, use up carbon dioxide and pro¬ 
duce oxygen. The ectodermal cells of Hydra obtain their food from the nutritive 
cells of the endoderm, the digested material diffusing across the intervening 
mesogloea. 


Reproduction 

Hydra reproduces both asexually and sexually. 

The commonest mode of asexual reproduction is by a process called budding 
( Fi g- * 4 )- At some point on the trunk, the interstitial cells in the ectoderm multiply 
rapidly, forming a swelling. These cells then arrange themselves as the ectoderm 
and endoderm of a new Hydra, which projects from the body of the parental organism. 
When the young Hydra, which is spoken of as a bud, has acquired mouth and 
tentacles its movements become increasingly active and finally it separates itself 
completely from its parent and thereafter lives an independent life. 

Sexual reproduction usually occurs in the autumn when conditions are be¬ 
coming unfavourable. Hydra is usually hermaphrodite, that is, both ova and sper¬ 
matozoa are produced by the same individual, but self-fertilisation is avoided by 
their npemng at different times. The organs which produce spermatozoa are 
called testes (Fig. 19) ; several are usually formed in the upper part of the body. 
The interstitial cells multiply and form a swelling beneath the musculo-epithelial 
cells which are therefore stretched and form a thin sheath covering the testis. 
Final y, the mtersUtial cells develop into spermatozoa. Each spermatozoon is very 

S *?i COnSiSt ? of th u rec P ar * : head > piece and tail. The head consist 
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side and drives the spermatozoon forward as a propeller drives a ship. When the 

spermatozoa are mature the sheath of musculo-epithelial cells is broken and Ae 
spermatozoa swim out into the water. 

at fW C r« Ve M Pm t nt °?t C ° VaTy (Fig ' ^ or g an which the ovum is formed 
at first resembles that of the testis. It is formed towards the lower end of he tmnk 

r»i ^ i P ter ? titial , ceUs multiply, but after a time one of the£ 



34 


BIOLOGY 



Fig. ig. A diagram of an ovary and a testis in Hydra. Mature spermatozoa can be 
seen close beneath the nipple of the testis. The black granules in the oocyte are yolk 
(partly after Grove and Newell, altered). 


to the parent, exposed to the water by the disappearance of the sheath. When 
mature it is called the ovum. 

Spermatozoa swimming in the water approach the ovum, which one of them 
enters, when its nucleus fuses with that of the ovum. This process is called 
fertilisation. The ovum after fertilisation is called a zygote while the unfertilised 
ovum and the spermatozoa are gametes. In all animals the female gamete is a large, 
more or less spherical inert cell, the ovum, and the male gamete a very small 
actively-mobile spermatozoon. In zoology, the term gonad is used for the organs, 
ovary, or testis as the case may be, which produce ova or spermatozoa. 

The developmental processes by which the fertilised ovum becomes a new Hydra 
begin while the ovum is still attached to the parent, but before it has gone very 
far the developing embryo surrounds itself with a thick spiny and horny coat. It 
then drops off the parent and sinks to the mud at the bottom of the pond. Since 
it can survive drought it may stay there, after the pond has dried up, until water 
returns again, or it may be removed as dust, or in the mud on the feet of animals, 
to other ponds in which water is present. The horny sheath then bursts and the 
young Hydra emerges, to complete its development after it has ‘ hatched 

Hydra compared with unicellular animals 

We have seen that Hydra is composed of a great number of cells, each of which, 
in being a protoplasmic unit divided into nucleus and cytoplasm, is comparable 
with an entire Amoeba or other unicellular animal. Amoeba, however, is a complete 
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and independent organism, while the constituent cells of Hydra are not complete 
and independent organisms, but are parts of a larger whole, and could not sur¬ 
vive in the absence of the remainder of the whole. Hence, it can be argued that 
Amoeba should be compared with the entire Hydra and not with its constituent 
cells, for only the entire animal has the ‘ sovereign independence ’ which gives it 
equality of status with another whole and independent animal. If we make this 
comparison we find that Hydra and Amoeba resemble one another in being whole 
and independent animals, but differ in that Hydra is divided into a great number 
of protoplasmic units called cells, while Amoeba is not so divided. 

The physiological difference between Amoeba and a single cell of Hydra lies in 
the fact that the Hydra cell is functionally specialised in a manner which is mean¬ 
ingless except in a cell which is part of a greater whole. A specialised cell is one 
whose activities are limited to the performance of one or a small group of func¬ 
tions (but see below) ; thus in Hydra the nerve cells are specialised for the con¬ 
duction of impulses, gland cells as chemical factories, the musculo-epithelial cells 
as an outer covering layer and for contractility, and so on. 

This sharing-out of functions among the cells is known as division of labour. 
Such specialisation of function is accompanied by differentiation of structure. Hence 
we find in multicellular organisms not only that the cells are specialised for the 
performance of particular functions but also that they are structurally adapted to 
the performance of the particular work they do. 

Of course, however profound its specialisation, every cell remains alive (some 

plant cells excepted), and displays those qualities or activities which are essential 

to living beings. It transforms foreign materials into its own substance, liberates 

energy by some form of respiration, excretes the noxious by-products of metabolism, 

and so forth. It will show its specialisation in a more or less marked exaggeration 

or modification of one or other of the activities common to all cells, and in its 

mabihty to maintain itself alive independently of the remainder of the onanism 
ot which it is a part. ® 
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which all these have in common, and in virtue of which they are classified together, 
is that the body is wholly built up of two cell layers , the ectoderm and endoderm. Such 
animals are said to be diploblastic to contrast them with all the higher forms in 
which a third layer, the mesoderm is present, and which are therefore said to be 
triploblaUic. Ectoderm, endoderm and mesoderm are called germ layers . 



CHAPTER IV 


SIMPLE MULTICELLULAR ORGANISMS : PLANTS 

As a first sample of a simple plant made up of a number of cells, we shall study 
Spirogyra. 


SPIROGYRA 


Structure, growth and asexual reproduction 

The green scum on the surface of ponds or ditches will often be found to con¬ 
sist of masses of Spirogyra (Fig. 20). The form of this plant is filamentous, and 
each filament consists of a number of cylindrical cells placed end to end. The 
cell walls of the filament consist of cellulose, and are covered externally with a 
mucilaginous substance. 

Within each cell, the cytoplasm is arranged in a peripheral layer in contact 
with the cell wall, and encloses a large vacuole filled with fluid. The presence of 
such a vacuole pccupying the greater part of the cell is a feature seen in most plant 
cells, but is very rare in animal cells. The nucleus hangs suspended in the middle of 
the vacuole, embedded in a little cytoplasm, and attached by cytoplasmic threads 
to the peripheral cytoplasm lying against the cell wail. In the peripheral cyto¬ 
plasm lies the chloroplast. This resembles a green ribbon with irregular edges 
running around the cell in a spiral manner. Each cell may contain two such 
spiral chloroplasts, lying side by side. Embedded at intervals in the chloroplast 
are bright, highly refractive bodies, the pyrenoids, around which is stored the 
starch formed as a result of photosynthesis. 

The filaments grow in length by division of any of the cells. The nucleus 
divides by mitosis (p. 316) and the cytoplasm deposits, between the daughter 
nuclei, a new transverse cell wall which is first formed peripherally and grows 
by the addition of new cellulose centripetally. 

The filaments are easily broken by a splitting of the cross walls and the separ¬ 
ated pieces continue to grow ; thus the fragmentation provides a very simple mode 
of asexual reproduction of the filaments. 


Sexual process ; conjugation 

Like Chlamydomonas, but unlike Pleurococcus, Spirogyra has a sexual process. Its 
filaments are usually found lying in masses side by side and parellel. When the 
sexual process is about to occur, opposite cells of two neighbouring filaments 
become attached to one another and at the point of attachment the cell wall of 
each produces a short tube. The two tubes grow outwards and, pushing against 
each other, force the two cells a litde part. Then the ends of the two tubes dis- 
appear, so that one continuous tube is formed, connecting the cavities of the two 
cells. Meanwhile, the protoplast, or protoplasmic cell, occupying one of the 

C °t 2 j C CeUSj rounds U P and P^es through the connecting tube, which is 
called the conjugation tube , to join the other protoplast. This too rounds up and 
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Fig. 20. Spirogyra. 

then syngamy occurs, the two protoplasts, which are now gametes, fuse nucleus 
with nucleus and cytoplasm with cytoplasm, forming a zygote. 

In Spirogyra the gametes are equal in size and similar in form. Such gametes 
are said to be morphologically isogamous (p. 19), but the fact that one gamete 
moves actively through the conjugation tube to join the other, which passively 
awaits it, shows that there is a physiological difference between them. Thus, in 
spite of their morphological isogamy, the gametes show a physiological hetero- 
gamy. Because of their difference in behaviour, the active gamete is known as the 
' male ’ and the passive one as the ‘ female \ Generally all the cells in a filament 
conjugate simultaneously with all the cells of a neighbouring filament, all the cells 
of one filament acting as male gametes and those of the other as female gametes. 
In other cases, cells of a filament may conjugate with other cells of the same fila¬ 
ment. 

After syngamy, the zygote forms around itself a resistant wall which enables 
it to resist desiccation. It is now a zygospore. After lying at the bottom of 
a dried-up pond or being blown by the wind to another pond, the resistant wall 
bursts open and its contents grow out as a new filament. 
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Colony or individual ? 

In Spirogyra all the cells of the filament are similar to one another, there being 
among them neither specialisation of function or differentiation of structure. 
The only faint indication of differentiation is the presence in some species, in the 
very young filament just after germination of the zygote, of a cell specialised for 
the anchoring of the filament. Evidently Spirogyra has little claim to be regarded 
as a true multicellular organism. It suggests, rather, a group of unicellular 
organisms living in association, but without undergoing differentiation or suffer¬ 
ing integration. Such groups are spoken off as colonies. 

VOLVOX; THE SOMA AND OOGAMY 

Volvox (Fig. 21) is another form of colonial plant, but one in which the 
approach to a truly multicellular condition is closer than in Spirogyra. It is a 
spherical organism, one millimetre or less in diameter. In this small space there 
may be up to twenty thousand cells. These are arranged around the periphery 
of a spherical mucilaginous investment of which the interior is semi-fluid. Each 
cell has a general resemblance to a single Chlamydomonas individual ; the pair 
of flagella project into the surrounding water. Except for certain differences to be 
mentioned below all the cells are similar in form and structure. Closer study, 
however, shows that some degree of physiological differentiation does exist, and 
that there must be some integration. A Voloox colony always swims with one 
part of its surface forward, whence it seems that there must be some physiological 
difference between the cells in this region and those elsewhere, and that there must 
be some co-ordination of the activity of the cells in different parts. A structural 
sign of this integration may be the bridges of cytoplasm by which neighbouring 
cells are joined to one another. 

In its reproduction Volvox shows further indications of intercellular differentia¬ 
tion. There is a distinction between certain cells, mostly situated in the posterior 
part of the colony, which are larger than the others and which take part in repro¬ 
duction, and the immensely more numerous ordinary cells which, being unable to 
divide or to reproduce in any other way, are said to be 4 sterile \ When Volvox 
reproduces asexually one or more of these relatively large reproductive cells begins 



Fio. ax. Volvox. i, Part ofa lo showing formation of gametes ; a, A colony with 
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dividing and by repeated divisions gives rise to a very large number of daughter 
cells. These arrange themselves at the periphery of a mucilaginous sphere, thus 
forming a daughter Volvox colony. The daughter colonies are not liberated into 
the outer water as one might expect, but into the central cavity of the parent 
colony ; here they swim about until released by the disintegration and death of 
the parent. 

Volvox also reproduces sexually and again the power to take part in reproduc¬ 
tion is restricted to a small number of special cells which are confined to the 
posterior hemisphere. These cells give rise either by division to very numerous, 
small, actively-swimming male gametes or spermatozoids, or each to one very 
large non-motile egg-cell or ovum which is packed with a store of reserve food 
materials. The spermatozoids are tiny fusiform cells each with two flagella ; on 
liberation, they swim about until they find an ovum, when one of them penetrates 
into it, the two nuclei fuse, and syngamy is completed. The zygote acquires a 
thick drought-resistant wall ; on germination it forms a new colony. 

We have seen that in Spirogyra all the cells take part in reproduction, and the 
same is true of certain other colonial forms which resemble Volvox and are related 
to it (for example, Pandorina and Eudonna) ; but in Volvox , in Hydra y and in all the 
higher animals and plants, the power to reproduce is limited to a certain small 
number of the cells of the organism, while by far the greater number of its cells are 
sterile. These sterile cells are given the special name of soma , or somatic cells ; 
it is among the somatic cells that specialisation of function and differentiation of structure lead 
to the evolution of the immensely complicated bodies of the higher animals and plants. 

In Spirogyra , and in some species of Chlamydomonas y we saw that all the gametes 
are alike in form and size, a state of affairs described as isogamy. In some primitive 
plants we find a condition called heterogamy (p. 19), in which the gametes are 
all of the same form but of different sizes, and syngamy occurs between large 
and small gametes. Finally, in Volvox y as in Hydra and all the higher animals and 
plants, we find oogamy : the gametes are differentiated into many very small very 
actively motile male gametes or spermatozoa, and a much smaller number of 
large non-motile gametes, the ova, packed with a reserve of food materials (the 
yolk). There are evident biological advantages in oogamy ; the reserve of yolk 
accumulated in the ovum gives the young organism a start in life and, in par- 



Fio. 22. Left, Pandorina morum (after Pringsheim, from Oltmanns) ; right, Eudorina 
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ticular, makes possible a longer developmental period during which there can be 
formed a greater elaboration of structure than would otherwise be possible. 
Isogamy is a possible mode of sexual reproduction for unicellular organisms ; 
a multicellular organism must be endowed, in the egg, with sufficient reserves of 
food materials to enable it to undergo many cell divisions and to develop a 
considerable structural complexity before beginning completely independent life. 

FUCUS 


External form and mode of life 

Fucus is a seaweed, and a plant of relatively large size and elaborate structure. 
Nearly the whole plant is somatic, and the somatic cells show a degree of differ¬ 
entiation and division of labour which, although much less than is seen in flower¬ 
ing plants, is yet far greater than in any of the plants we have studied hitherto. 

The plant is found between tide marks, where it grows to lengths ranging from 
six inches to three feet, being longer the less it is exposed to the air between tides. 
Some other seaweeds are much larger than this ; one form in the South Atlantic, 
for example, attains a length of 200 metres, being one of the largest of organisms. 

Fucus is attached to a rock by a root-like structure called a 1 hold-fast ’. A true 
root has the two functions of providing mechanical attachment in the soil and of 
absorbing from it water and dissolved salts. The hold-fast of Fucus has only 
the first of these functions : the second is carried out equally by all parts of the 
seaweed, which at high tide is wholly immersed in sea-water. From the hold¬ 
fast there rises a stalk, or stipe, which expands 
to form a number of flat expanses called 
fronds. The fronds show fairly regular dicho¬ 
tomous branching, and down the middle 
of each is a thickened mid-rib which is 
continued into the stipe. Scattered over the 
fronds of some species of Fucus are small 
bladders filled with gas ; these act as floats 
supporting the fronds in the water. The 
colour is brown ; this is due to the presence 
of an orange pigment, in addition to 
chlorophyll. The entire plant, with the 
hold-fast, stipe and fronds, is called a 
thallus. This term is used of the bodies of 
all multicellular plants except those having 
true roots, stem, and leaves; it is thus 
applicable to Voloox and Spirogyra, as well 
as to Fucus. 

Some of the fronds will be seen to be 
swoUen at the ends, and upon these swollen 
regions are little pimple-like protuberances 
each with a minute pore at the top. The 
pore leads into a little cavity under the 
pimple. The cavities arc called conceptacles 
and contain the organs of reproduction. 

M.B, 



Fio. 23. Fucus vcsiculosus (reduced) 
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Structure and growth 

A transverse section through one of the fronds shows the thickened mid-rib 
and on each side the flattened expanse of the frond. Forming the periphery of the 
section is a single layer of cells of columnar form containing a great many plastids. 
This is the photosynthetically active tissue, and is called the palisade layer (Fig. 24). 
It somewhat resembles the palisade tissue of flowering plants (p. 199) ; but there is 
no epidermis covering it and no air spaces between its cells. Beneath the palisade 
tissue is a wider zone several cells thick, called the cortex. This is composed of large 
closely packed polygonal cells with few plastids. They are probably storage cells, 
in which accumulate the products of the photo synthetic and other anabolic 
activities of the palisade cells. The region internal to the cortex is the medulla ; 
it is the central part of the thallus. It consists of cells arranged in filaments. These 
filaments are not packed closely together, but are separated by wide intervals 
which are filled with a mucilaginous substance formed from their cell walls. They 
run longitudinally up and down the mid-rib and stipe, and pass out in the flattened 
expanse of the frond at right angles to the mid-rib. They are believed to perform 
the transportation of organic materials, manufactured in the palisade cells and 
transferred to the filaments through the cortical cells, from one part of the plant 
to another. 

Fucus is a much more massive structure than the filamentous Spirogyra. There 
is little doubt that its ancestors were sea-weeds of simple and probably filamen¬ 
tous structure which took to living attached to rocks in the stormy conditions of 
the inter-tidal zone. Living in such a zone, a thallus stronger than a mere 
filament minimises the danger of destruction by waves. There was, therefore, 
an advantage in any evolutionary change leading to the development of greater 
strength, and the result is the structure seen in Fucus and its relatives. 

The increase in size and strength of the thallus brought its own problems. The 
flattened and expanded surface catches the rays of light filtering through the water, 
but such a surface offers to the waves a dangerous hold, increasing the risk that the 
plant may be torn loose from the rocks to which it is attached ; hence the special¬ 
isation of the lower parts of the plant as a hold-fast and stipe, while the photo¬ 
synthetic function is carried on principally by the expanded leaf-like upper parts. 
Then, too, the thickening of the thallus prevents the inner cells from carrying out 
photosynthesis : this vital function is performed by the superficial cells, while the 
deeper cells, no longer photosynthetic, have chiefly the functions of storage and of 
transferring the products of photosynthesis down to the stipe and hold-fast. Thus 
we see, with increase in the size of the thallus, an inevitable accompanying 
increase in complexity, with division of labour between different parts, and the 
formation of tissues —masses of cells devoted to the performance of particular 
functions. 

Reproduction 

Fucus has no method of asexual reproduction, but reproduces sexually. The 
sexual organs are borne in the conceptacles. Some species are dioecious , others 
monoecious (that is, having the male and female gametes produced by different and 
the same individuals, respectively). 

The conceptacles are roughly spherical cavities embedded in the superficial 
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Fio. 24. A, the general structure of a frond of Fucus as seen in section, including a female 
concepucle with hair-like filaments and oogonia; B , an oogonium; C, an oogonium burst¬ 
ing freeing the oogonia; D f Part of the wall of a male concepticle, showing hairs bearing 
ant lcridia ; E % a spermatozoon, at high magnification ; F, spermatozoa clustered around 

an ovum. (A and D from specimens. B, C, F, after Thuret; E after Guignard, from 
btrasburger, re-drawn.) 
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to form eight cells, all enclosed in the original cell-wall of the oogonium. These 
eight cells are the ova. Each conceptacle contains many oogonia. When the 
ova are mature a quantity of mucus fills the conceptacle. The rupture of the 
oogonial wall liberates the ova, which pass out through the pore of the con¬ 
ceptacle enclosed in a mass of mucilage. The sea water dissolves the mucilage 
and the ova are set free. Each is a large spherical cell, brown in colour, and 
without cell-wall or means of locomotion. 

The male conceptacle contains hairs like those of the female conceptacle but 
richly branched, and each is produced by the division of a superficial cell of the 
lining of the conceptacle. Upon the hair are carried club-shaped cells called 
antheudia. Within each antheridium, which at first is a single cell with a nucleus, 
the nucleus and cytoplasm diride repeatedly to form sixty-four small cells, each 
of which acquires two flagella, one at each end. These little cells are spermatozoa. 
They contain plastids. Liberated into the sea water, they eventually come in 
contact with the ova, and each ovum is fertilised by a spermatozoon. 

Until it is fertilised, the ovum lacks a cell-wall, but this is formed after fertilisa¬ 
tion. The zygote then settles down on a rock and by repeated cell divisions forms 
a young Fucus plant. Since the plant does not have to endure conditions of 
drought more serious than those occurring at low tide, the zygote does not form 
a thick drought-resistant wall such as is usually developed around the zygotes of 
such plants as Spirogyra and Volvox. 


DIFFERENCES BETWEEN UNICELLULAR AND MULTICELLULAR 

ORGANISMS 

Our study of colonial and simple multicellular plants and animals enables us 
to state in summary form the differences between unicellular and multicellular 
organisms, and therefore the changes which unicellular organisms must undergo 
in becoming multicellular. 

(1) Multicellular organisms are formed when the products of cell-division 
remain together instead of separating. Thus all the cells of Hydra, Fucus, Volvox 
etc., are ultimately products of the repeated division of a single cell. 

(2) Specialisation of function (division of labour) and differentiation of struc¬ 
ture are seen within single cells, whether of a unicellular or of a multicellular 
organism. Such in/ra-cellular specialisation and differentiation is limited by the 
potentialities and size of the single cell. 7 /j^r-cellular functional specialisation 
and structural differentiation is seen in multicellular organisms and is practically 
limitless. Inter-cellular differentiation makes possible the formation of tissues 
(aggregates of cells of one or several kinds subservient to a particular function) 
and greatly increases the possibilities of regional differentiation. 

(3) The first specialisation in multicellular organisms is that of somatic and 
reproductive cells. Release from the reproductive function makes possible further 
specialisation and differentiation among the somatic cells. All the specialised 
organs and tissues of higher animals and plants are developed from the soma. 
Unicellular organisms, and the cells of colonies lacking a soma, are potentially 
immortal ; since somatic cells cannot reproduce they inevitably die sooner or 
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later. Death is not the inevitable end oflife, but only of the soma. Reproductive 
cells, like unicellular organisms, are potentially immortal. 

(4) A multicellular organism (e.g. Hydra or Fucus ) differs from a colony of 
unicellular organisms (e.g. Spirogyra or Volvox) not only in the greater specialisa¬ 
tion and differentiation of its cells and other parts, but also in their subjection 
to an over-riding integration by which the whole is caused to act as a single 
individual. 



CHAPTER V 


THE CLASSIFICATION OF MULTICELLULAR ANIMALS 

CLASSIFICA TION 

1 he first task of any science is the listing and classification of the phenomena 
with which it deals. A survey of the organic world would show us a vast array of 
organisms of almost endlessly varied form and structure ; but it would also reveal 
that they could be arranged in groups all of whose members resemble one another 
more than they resemble any organisms outside the group. A number of finny, 
scaly, gill-breathing, water-living creatures could be put into a group headed 
fishes ; other groups could be made of feathered, flying animals, of animals that 
suckle their young, and so on. The difficulty, of course, would lie in choosing 
the criteria, which must be fundamental and not superficial. Thus if we made a 
group of swimming animals, it would include the dog-fish and the whale, but a 
closer examination of these two would reveal a great many points of difference 
between them. The former is a fish ; the latter, a mammal. Thus we cannot 
take as our criteria single features like external form or possession of fins, or any 
habit or way of life like swimming or flying, because attempts to make classifica¬ 
tions in this way lead to such obvious errors as associating the whales with the 
fishes, or birds with butterflies and bats. 

When we study the whole structure and organisation of many different kinds 
of animals and plants, we find, underlying their bewildering diversity, a compara¬ 
tively small number of patterns of structure, often more or less obscured by some 
special modification. Thus, Hydra , jelly-fishes, sea anemones, coral polyps, and 
many other forms, although very unlike in size, colour and even in important 
points of structure, all resemble one another in being diploblastic and in con¬ 
taining only a single cavity, the coelenteron, with a single opening. In these 
fundamental features of their organisation they are all alike ; on this all their 
differences are superposed. Each form is a special modification of a common 
pattern, and we place them all together in one great group or phylum (pi. phyla) 
of animals, the phylum coelenterata, which includes all organisms built on this 
pattern and excludes all others. Similarly fishes, newts, frogs, lizards, turtles, 
crocodiles, snakes, birds, kangaroos, horses, whales, rats, men, and many other 
animals, while differing from one another in many ways, show beneath all their 
differences a basic pattern to which the structure of each conforms. They are 
therefore grouped together in a phylum, the chordata. 

The comparative study of their structure and life-histories has revealed among 
animals about fifteen of these fundamental patterns of organisation, and five 
among plants. It is found too, that each of the great phyla can be divided up 
again, and in animals these secondary divisions are called classes. A phylum is 
divided into classes on exactly the same principle as the whole animal kingdom is 
divided into phyla. Kangaroos, horses, whales, rats, and men all show a pattern 
of structure which separates them as members of one class, the mammalia, from 
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another class, the birds, from a third which includes lizards, turtles, crocodiles, 
and other reptiles, from a fourth in which are newts and frogs, and from a fifth 
including the fishes. The classes are then divided into orders (kangaroos, horses, 
whales, rats and men each going into a separate order), the orders into families, 
the families into genera (sing, genus), and finally the genera into species. The phyla 
of plants are sub-divided in essentially the same way. 

The precise meaning of the term ‘ species ’ cannot be discussed here. Broadly 
speaking, species belonging to the same genus differ from one another in a number 
of small details, and the animals in two different species either will not breed 
together, or if they do, usually produce sterile offspring (like the mule, the off¬ 
spring of a horse and an ass, two different species of the genus Equus). 

Every species of animal and plant is given two names. The first is that of the 
genus, and is called the generic name ; it is shared by all its species ; it is given 
a capital initial letter. The second name distinguishes the species, and is called 
the specific name. It is never given a capital (even when the proper name of a 
man is used, as in Burchell’s Zebra : Equus burchelli J ). Thus the domestic dog is 
Canis familiaris, the common fox is Canis vulpes, the arctic fox is Canis lagopus, the 
European wolf is Canis lupus , the prairie wolf is Canis latrans, and so on. These are 
all species of the genus Canis, which is included in the family canidae, of the order 
carnivora, one of the divisions of the class mammalia of the phylum chordata. 


CLASSIFICATION AND EVOLUTION 

Since its acceptance by biologists, the theory of evolution (pp. i, 452) has 
come to be the basis of classification. It is very probable that all multicellular 
animals are descended from unicellular ancestors ; but not all multicellular 
animals have evolved along similar lines. Each phylum is believed to contain all 
those animals (living and extinct) which represent one main ‘ direction * of evolu¬ 
tion, one great branch of the evolutionary tree, and all its members to be united 
by a common ancestry. The evolutionary ‘ tree ’ is thus analogous to the 
genealogical ‘ trees ’ of human families, in which the terminal twigs or leaves 
of the tree represent individual members of the family, while its branches represent 
branches of the family. In the evolutionary tree, each phylum is represented 
by a main branch with all its twigs and leaves, the smaller divisions of the phylum 
(its classes, orders and families) by smaller and smaller branches and the genera 
by twigs. Finally, each leaf is one species ; its most recent ancestors are repre¬ 
sented m the twig which bears it, and its more remote ancestors (which of course 
it shares with many other species) are represented further and further down the 

m ^ Tk main , trunk u of the *"*• Thus the classification of animals tries to tell 
difWnr^ ingS f h ab ° Ut 1116111 : W somcthin g of the observed resemblances and 
fhfm Hence th ,r S ^ me l W l he evolutionary relationships between 

iHlass M^Li/ Tif^^ ° f mCn and m0nkeys in the PLATES of 

rdated^nTT \ f *!! phyUI ? GHORDATA ^rts that men are more closely 
related to monkeys than they are, for example, to the dogs, cats, bears etc of the 

and °F th \ Same ^ ; but are more c l°selyfelated’to ^carnivora 

and to members of other mammalian orders, than to the tortoise, which is ^ 
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member of a different class, and more closely related to the tortoise, with other 
reptiles, than to the cockroach, which belongs to a different phylum. 

The simile of the evolutionary tree is useful because it enables us to emphasise 
the unity of life, or the relatedness of different organisms. If man is at the tip of 
the top-most branch, he is connected through the trunk of the tree with all those 
other animals whose place in the scheme of things is represented by leaves borne 
on other branches. The leaves represent animals surviving today, the branches 
and the trunk their more or less distant ancestors. The whole tree has two trunks 
arising from a common base ; one trunk with all its branches represents the 
animal kingdom, the other that of the plants. The single base of the tree represents 
the common ancestors of both. 

GRADES OF ANIMAL ORGANISA TION 

The study of the various animal phyla shows us, not only that each phylum 
consists of a group of animals sharing a fundamental pattern, but also that the 
pattern is of different degrees of complexity in different phyla. There are several 
grades of organisation. One such grade is the unicellular, in which the whole body 
consists of a single protoplasmic mass with a nucleus. Another grade is reached 
with such multicellular and diploblastic animals as Hydra, a third grade is attained 
with the appearance of a third germ layer, the mesoderm, a fourth is marked by 
the appearance of a cavity called the coelome and a fifth by the appearance of that 
pattern of structure which distinguishes our own phylum, the chordata. 

The following list : (a) characterises five grades of animal organisation, and 
gives the names of examples described in this book ; (b) mentions the principal 
phyla, under the appropriate grades, and names representative examples of each 
phylum. 

GRADE i 

Animals in which the whole body is a single, nucleated, protoplasmic unit or 
cell. 

Examples : Amoeba (p 3), Paramecium (p. 10), Plasmodium (p. 559). 

phylum protozoa. Includes the animals just listed, and a great many others, 
among them many important parasites which cause diseases (amoebic dysentery, 
sleeping sickness, and others). This is the only phylum in Grade r. 

GRADE 2 

Multicellular radially symmetrical animals, the whole of whose bodies are 
derived from two germ layers, and which are therefore said to be diploblastic. 

Example : Hydra (p. 26). 

phylum coelenterata. Includes Hydra, jelly-fish, sea-anemones, coral polyps 
and many others. 

GRADE 3 

Multicellular bilaterally symmetrical animals with three germ layers, and 
therefore said to be triploblastic, but without a ‘ coelome ’. 

Examples : Planaria (p. 50), Taenia (p. 552), Fasciola (p. 549). 

phylum platyhelminthes. Includes Planaria, Taenia, and many other free- 
living and parasitic worms, mostly of a more or less flattened or leaf-like form, so 
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that an English name for the phylum is ‘ flat-worms Some are of medical 
importance, like the tape-worm (p. 552), others cause important diseases of stock, 
like the liver fluke (p. 549). 

phylum nemathelminthks. Includes certain worms of rounded sectional 
form (whence the English name ‘ round worms ’) many of which are of great 
medical importance. Some are described in Chapter LI. 

GRADE 4 

Multicellular, bilaterally symmetrical, triploblastic animals, with a coelome 
(p 89), with stomodaeum and proctodaeum (p. 59), excluding the phylum 
chordata (Grade 5). 

Examples : Lumbricus , the earthworm (p. 54), Blatta or Periplaneta, the cock¬ 
roach (p. 70). 

phylum annulata or annelida. Includes segmented worms mostly not para¬ 
sitic, many marine worms, earthworms, leeches and others. 

phylum arthropoda. A very large phylum including animals with hard 
external ‘ skins ’ and jointed limbs. Among its members are the crustaceans 
(shrimps, lobsters, crabs, and their innumerable relations), centipedes, and mille¬ 
pedes, insects, and arachnids (scorpions, spiders, ticks, mites and others). The 
medical interest of this phylum lies chiefly in the insects, many of which, like the 
mosquito, the flea, and the louse, transmit to man the causative organisms of such 
terrible scourges as malaria, yellow fever, bubonic plague, and typhus. Examples 
of the phylum dealt with in this book are the cockroach (p. 70), fleas, lice, bugs 
and mosquitos (Chapter LI). 5 

PHYLUM mollusca. Includes certain kinds of shell-fishes like oysters, snails, 
slugs, mussels, limpets, etc., and the octopus, squid, and cuttle-fishes. 

Includes star-fishes, sea-urchins, sea-cucumbers 
(beche-de-mer), sea-lilies . The phylum is interesting because there is some 
reason for thinking that the echinodermata may be descended from the same 
common stock as the chordata. 


GRADE 5 
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PLANAR I A, AN ANIMAL OF GRADE 3 

External features and symmetry 

Planaria (Fig. 25) is a small fresh-water animal, only a few millimetres long, 
in general form like the flattened head of a spear. In most species the colour is 
black or grey. When the animal moves, the blunt end always goes in front, 
so that there are anterior and posterior ends ; in Hydra it is impossible to say 
that either end is anterior or posterior. Similarly, Hydra has no dorsal and 
ventral surfaces, and no right and left sides, facts which we express by saying that 
it is radially symmetrical, while in Planaria one side is always towards the substrate 
and is said to be the ‘ lower ’ or ventral side, while the other is the ‘ upper ’ or 
dorsal side. 


An animal which, like Planaria , has differentiated anterior and posterior ends, 
and differentiated dorsal and ventral surfaces, can be divided into two equal parts 
only along one plane (the ‘median vertical’or ‘sagittal’ plane, or ‘plane of bi¬ 
lateral symmetry ’) and such animals are said to be bilaterally symmetrical. 




Fig. 25. Planaria. Left, showing the alimentary canal 
andexcrctory system ; right, showing the nervous system 
(after Jijima and Hatschck, from Parker and Haswcll). 


The anterior and posterior 
ends of Planaria differ morpho¬ 
logically as well as functionally. 
The principal sense-organs are 
concentrated near the anterior 
end. Thus, there is a pair of 
eyes, visible as two little black 
spots, near the anterior end, and 
the anterior ‘ corners * of the 
body which are very richly sup¬ 
plied with nerves are evidently 
concerned with some kind of 
perception. The concentration 
of the principal sense-organs 
near the anterior end is paral¬ 
leled by the presence in the 
same region of a ‘ brain ’ (see 
below). 

Alimentary Canal 

The mouth is situated on the 
ventral side some distance be¬ 
hind the middle of the body. 
It leads into a chamber called 
the buccal cavity y and into this 
there opens a tubular structure 
with thick muscular walls, the 
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pharynx. The pharynx can be thrust out through the mouth, and then seizes food. 
The pharynx leads into the intestine, which consists of three main tubes, of which one 
runs forward nearly to the anterior end of the body and the other two backwards 
nearly toils posterior end. Each of the three tubes branches repeatedly and the 
terminal twigs penetrate throughout the animal, so that no part of the body is far 
from a branch of the intestine. The intestine opens to the exterior only through the 
pharynx and buccal cavity, there being no anus, a feature in which Planarta 
resembles Hydra. Planarians feed on such smaller worms, insects, etc., as they can 
overcome. The prey is captured by the pharynx which, after eversion from the 
mouth, envelops it. 

Epidermis, muscles, parenchyma ; the mesoderm 

Important features of the structure are best studied in transverse sections. 
The surface of the body is covered with a single layer of cells, the epidermis. The 
epidermal cells are ciliated and it is by means of these cilia that Planaria carries 
out one of its modes of locomotion. Immediately beneath the epidermis a layer 
of elongate fibre-like cells run circularly round the worm. These are muscle 
cells or muscle fibres. Thus in Planaria there is true muscular tissue consisting of cells 
wholly given over to, and specialised for, the function of contraction. In Hydra 
this function was executed by the muscle-processes of cells which also performed 
other important functions. Internal to the circular muscle fibres is a layer of 
similar but longitudinally disposed fibres, and also bands of muscle fibres running 
across the worm from one side to the other. Because of its many branches, a 
section shows the intestine cut in several places. Its wall is formed by a single 
layer of cells which may show food vacuoles. Between the epidermis and the 
gut is a space filled with a tissue of branching cells somewhat resembling the 
‘ connective tissue ’ of higher forms, called parenchyma. Many other organs and 
tissues, including the reproductive organs, are embedded in the parenchyma. 

In Hydra , the embryo forms two layers of cells, the ectoderm and endoderm, 
from which are derived the two layers of cells which receive the same names in the 
adult, and there is no third layer of cells. In the embryonic planarian, on the 
other hand, besides ectoderm and endoderm, a third ‘ germ layer ’ is formed 
between them ; this is the mesoderm. In further development the ectoderm of 
the embryo gives rise to the epidermis of the adult worm and also to the nervous 
system, while from the mesoderm are formed the reproductive organs, the muscular 
system and the parenchyma. The endoderm gives rise to the lining of the gut. 

The nervous system 

Embedded in the parenchyma a little below the epidermis is a nerve-net which 
in many ways resembles that of Hydra, but differs in having local condensations 
which amount to a very primitive central nervous system. This consists of a 
thickening in the nerve-net at the anterior end, between and behind the eyes, 
called the ‘ brain and running backwards ventrally through the length of the 
worm on each side a longitudinal thickening called the nerve-cord. From the brain 
and nerve cord branch thickenings run out and lose themselves in the nerve-net. 
In the nerve cords many of the processes of the cells are elongated especially in 
the direction of the long axis of the cord, so that conduction occurs with par¬ 
ticular ease and speed along the lengths of the cords. Thus the cords are parts 
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Fic. 26. A, an eye ; B t a flame cell ; C, a transverse section of the worm, through the 

pharynx (diagrammatic). 


of the nerve-net specialised for the longitudinal conduction of impulses up and 
down the length of the worm. The brain is an especially important part of the 
central nervous system for two reasons. First, it is into the brain that impulses 
come from most of the sense organs, which are concentrated at the anterior end 
of the body, so that the brain is the chief receptive centre. Second, it exercises a 
general control over the whole worm. Nevertheless the importance of the brain 
must not be exaggerated. Some planarians show several different modes of loco¬ 
motion involving the co-ordination of muscular activity of different degrees of 
complexity ; it is found that in animals experimentally deprived of their brains, 
all but the most complicated movements can be successfully co-ordinated by the 
nerve cords and nerve-net, and that only the most elaborate movements require 
the brain to be present. 


The eyes 

Planarians have several senses. They respond to touch, to light, and to the 
presence of certain substances dissolved in the water (p. 512). The only sense 
which will be discussed here will be that of sight. 

The essential part of every light-perceiving organ is the specialised protoplasm 
of one or more cells called photosensitive cells or photoreceptors. When light falls 
upon the specialised protoplasm changes occur in it. Little is known of the nature 
of the change, but it is presumably similar to the state of ‘ excitation ’ set up in 
nerve cells and other kinds of sensory cells when they are stimulated. In Chlamy- 
domonas the light-perceiving organ consists of the specialised light-sensitive proto¬ 
plasm and the pigment which protects it from illumination except from certain 
directions. In Planaria the eyes (Fig. 26 a ) are constructed on a very similar 
plan, but are multicellular. Each consist of two parts : (a) a group of photo¬ 
sensitive cells and (b) a group of cells arranged as the wall of a cup and having 
their cytoplasm heavily laden with an opaque pigment. The photosensitive cells 
are arranged in the concavity of the pigmented cup and can therefore be stimulated 
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only by light admitted through its aperture, that is to say only by light falling on 
the animal from a certain direction. Each of the photosensitive cells is continued 
into a long process or nerve fibre which carries the impulses set up in the excited 
cell to the' ‘ brain \ In such an eye as this two functions can be performed : 
{a) differences in the intensity of illumination can be perceived, and ( b) the direc¬ 
tion from which the light is coming can be detected ; but owing to the small 
number of sensory cells in each eye, and to the absence of a lens, the formation 
of an image is impossible. Planarians cannot see in the sense which is true of 
a normal man. 

The excretory system 

Planaria has an excretory system (Fig. 25, 26) for the removal of nitro¬ 
genous waste. It consists of a couple of tubes, the excretory vessels , one on each 
side, running longitudinally from one end of the worm to the other, and of their 
numerous branches, which ramify in the parenchyma. The terminal branches 
end blindly, each in an excavation in the cytoplasm of a cell. Projecting from the 
cytoplasm of this cell into the lumen of the tubule is a tuft of long flagella, whose 
vibratile movements resemble the flickering of a tiny flame ; for this reason the 
cells in which the tubules end are called flame cells. It is supposed that the tissues 
and organs of the body pass their excretory products into the minute cavities 
between the cells of the parenchyma and that they are then passed through the 
cytoplasm of the flame cells into the lumina of the tubules. The main excretory 
tube of each side opens to the exterior by several tiny pores on the dorsal surface 
so that excretory materials passing along the tubules, ultimately reach the ex¬ 
tenor. The precise function of the tuft of flagella is doubtful. 

The reproductive system is complicated and will not be described : the worm is 
hermaphrodite. 



CHAPTER VII 


ANIMALS OF GRADE 4 : THE EARTHWORM 

The earthworm ( Lumbricus terreslris) belongs to the phylum annelida or 
ANNULATA. 

External features 

The earthworm is an elongate animal without limbs, marked externally with a 
series of circular grooves which indicate an internal division of the body into a 
large number of separate sections or segments. There may be 150 segments. Since 
the worm has differentiated anterior and posterior ends and dorsal and ventral 
surfaces it is bilaterally symmetrical. The anterior end is the more pointed of the 
two, and the dorsal surface is distinguishable from the ventral by its darker colour. 
The worm is roughly circular in cross section, but its posterior part is somewhat 
flattened dorso-ventrally. Distant from the anterior end by about one third of 
the worm, in segments 32-37, is a thickening called the clitellum, a glandular struc¬ 
ture which secretes the cocoon in which the eggs are deposited. Every segment, 
except the first and the last, is provided with four pairs of tiny bristles, or chaetae. 
These project in pairs ventro-laterally ; they can be withdrawn into little sacs. 
Two pigmented lines run from the clitellum to segments 15 and 16 respectively. 
These are the sperm line and the egg line. 

The worm has no clearly demarcated head. The mouth is at the anterior 
end. It is encircled by the first segment, the peristomium, and overhanging it 
dorsally is a bulbous projection, the prostomium, which can be used to close 
the mouth like a door. The prostomium is richly supplied with sense organs 
(p. 66). At the extreme posterior end of the worm is a second opening of 
the alimentary tract to the exterior, the anus, a structure which is absent in 
Hydra and Planaria. 

A minute aperture (the dorsal pore) leads from the cavity of each segment 
(perivisceral cavity, see below) to the exterior, opening in the mid-dorsal line in 
the grooves between successive segments. A number of other apertures are men¬ 
tioned in describing the excretory and reproductive systems. 



Fig. 27. The earthworm ; external features of the first forty segments, ventral view. 
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Habits of earthworms and their effects on the soil 

The burrows of earthworms are half-permanent tunnels with walls prevented 
from crumbling by mucus secreted by gland cells in the epidermis ; the upper 
parts are often lined with decaying leaves. In very cold weather the worms 
descend as far as six feet or more below the surface, hiding at the bottom of the 
burrow in a little rounded chamber lined with stones. 

The activities of earthworms make an important contribution to the formation 
and fertility of the soil. It has been estimated that in garden land there are 
more than fifty thousand worms per acre and about half as many in agricultural 
land. Their multitudinous burrows, which open to the surface, assist in 
the aeration and watering of the soil which are so necessary for the roots of' 
plants. 

‘ Worm castings ’ are the faeces of the worm which eats earth as it makes its 
burrow and, when the alimentary canal is full, thrusts its posterior end out of the 
burrow and empties its intestine on the surface. In this way the earthworms con¬ 
tinually bring the deeper soil to the surface and bury the surface soil beneath it. 
Darwin found that a layer of red sand strewn over a field was, after seven years, 
buried to a depth of ii inches beneath the turf, and estimated that in every acre 
of land which is suitable for their habitation, ten tons of earth pass anually through 
the bodies of earthworms, and are evacuated on the surface ; for the whole of 
England and Scotland this amounts to 32 million tons annually. The effect is 
the gradual penetration of all depths of the soil by products of the decomposition 
of organic remains, such as leaves, faeces, seeds, dead insects, etc., which were 
originally deposited on the surface, and which the worms have either buried under 
their castings or have dragged into their burrows for food. Once buried, these 
materials are subject to the action of the soil bacteria (p. 534) which render their 
chemical constituents available for the nutrition of green plants. 

Earthworms also play a part in the formation of the soil. The mineral matter 
of the soil is formed by the disintegrating action of water, frost and the roots of 
plants on the underlying rock. The earthworms’ burrows help the water to 
reach the rock, and their manuring activities assist the growth of plants. Earth- 
worms also act in less beneficient ways, for they may play a part in the loss of the 
sod. Their light and friable castings are easily washed or blown away from hill¬ 
sides in whose denudation earthworms may thus be of some importance. 

Body wall 


When the earthworm is cut open in dissection, it is seen to consist of two tubes— 
outer and inner. The outer tube is the body-wall , the inner, the alimentary canal. 

JnH ST n etW ^ n ! S , P nimsceral cavity, which is further discussed below (p. 59 
d 89). It is divided into a series of compartments, or segments, by cross 
wals, the septa, which join the body wall to the alimentary canal (Fig 31) 

wol r CtUrC ^ b ° dy - Wa11 “ best studied in tra nsverse sections of the 
worm. It consists of a number of layers. The outermost layer is a thin non-living 

VT UCtUrC r le “,, m T brane CaUed the mticU - ® eneath this monies thf 

p dermis, a single layer of cells of columnar form some of which are glandular and 
score* mucus ; .his deposited upon the surface of the worm, ubr cateTi. aud aids 

a.e P r (p B 6 ? r ° U T 8 he P*? “ ^ “«* ™" be mentioned a^n 

(p. 66). The epidermis is derived from the ectoderm of the embryonic 
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Fig. 29. The body wall of an earthworm as seen in a transverse section 



57 


ANIMALS OF GRADE 4 : THE EARTHWORM 

worm ; all the other parts of the body-wall (except the cuticle, which is manu¬ 
factured by the epidermis) are derived from the mesoderm. 

Beneath the epidermis comes a zone made up of elongated cells which are 
arranged with their long axis running in a circular manner around the worm. 
These arc muscle cells, or muscle fibres, and together they make up the circular 
muscle which extends without interruption right round the worm. 

Internal to the circular muscle comes a thick band of muscle fibres arranged 
longitudinally and therefore cut transversely in a transverse section of the worm. 
Unlike the circular muscle, the longitudinal muscle does not form a continuous 
band around the worm, but is divided into nine parts as shown in the figure. The 
feather-like appearance of the longitudinal muscle is due to the arrangement' 
of the ribbon-like muscle fibres on each side of sheets of connective tissue. 

The innermost of the layers making up the body-wall is the coelomic epithelium 
or peritoneum, a thin layer of cells, one cell thick, which lines the coelome. 


Locomotion 

When the circular muscles contract and the longitudinal relax, the worm is 
made long and thin ; when the longitudinal muscles contract and the circular 
rcla-x it is made short and thick. The coelomic fluid, which fills the perivisceral 
cavity, is here important ; being liquid, it is incompressible, and its presence 
ensures that the contractions of the muscles will alter the shape of the worm 
without changing its volume. Earthworms crawl rapidly over rough surfaces and 
through the soil but have great difficulty in making any progress over a smooth 
surface like glass upon which their chaetae can obtain no grip. The mode of 
locomotion is illustrated in figure 30 which shows the same worm in 34 drawings 
covering sixteen seconds. It will be seen that alternating waves of shortening 
(contraction of longitudinal muscles) and of lengthening (contraction of circular 
muscles) pass along the animal from in front backwards. In each zone of shortening 
the chaetae are thrust out and anchor the worm in the soil ; thus, each shortening 
zone tends to drag forward the parts of the worm behind it, while the elongating 
parts in front of a zone of shortening must push forward. ^ ^ 
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Fig. 31. An earthworm dissected from the left side (semi-diagrammatic). The intestine 

has been opened posteriorly. 


The alimentary canal 

The earthworm cats the earth in which it lives ; its burrow is made partly by 
passing earth through its body from one end to the other. In this earth is its food, 
which is any organic material like dead leaves, seeds, or living organisms like 
soil bacteria and Protozoa. It also partially emerges from its burrow at night 
and pulls into it leaves or any other suitable food which it can find. 

The alimentary canal (Fig. 31) is a straight tube leading from the mouth at 
one end of the worm to the anus at the other. The mouth opens into a small 
chamber lying in segments 2 and 3. This is the buccal cavity. The buccal cavity 
opens behind into a portion of the gut, the pharynx, which has thick, muscular 
walls and from which many muscles run to the body wall, especially from the 
dorsal aspect. These muscles play an important part in sucking and pulling 
food into the alimentary canal through the buccal cavity. In addition mucus and 
a substance which begins the digestion of proteins are secreted by glands in the 
pharyngeal wall. The pharynx extends from segment 3 to segment 6. 

Behind the pharynx comes the oesophagus, a narrower and thin-walled tube 
running from segment 6 to segment 13 or sometimes only to 12. Its wall secretes 
more digestive juices and, although its muscles are much less strongly developed 
than those of the pharynx, rhythmic waves of contraction pass along it, forcing its 
contents steadily backwards. Such waves of contractions are known as peristaltic 
movement ; it is prominent in the alimentary canals of higher animals including 
man. 

In segment 11 the oseophagus gives off on each side a diverticulum called the 
oesophageal pouch. The oesophageal pouches are connected to two pairs of oesophageal 
glands which lie in segments 12 and 13. These secrete calcium carbonate which 
passes through the alimentary canal to the exterior. The worm thus rids itself 
of excess calcium taken in with its food and also of carbon dioxide (produced by 
its tissues in respiration) which combines with the calcium forming the carbonate. 

Behind the oesophagus the alimentary canal enlarges to form a wide and thin- 
walled crop extending into segment 16 where it continues into the gizzard. This 
is a thick-walled organ lined with a chitin-like substance. Contractions of its 
muscular wall crush and pulp the food, the epithelium being protected by the 
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Fic. 32. A transverse section through the 
wall of the intestine of an earthworm. 


The gizzard ends in segment 19 
where the intestine begins. The intestine 
is that part of the gut in which most of 
the digestive processes and the absorp¬ 
tion of the digested food occur. In trans¬ 
verse sections, the lumen is roughly 
U-shaped for the roof of the intestine 
projects down into it as a prominent 
fold called the lyphlosole. The lumen 

is lined by an epithelium (Fig. 32) of columnar cells which secrete digestive juices 
on to the food in the intestine, and which absorb the products of digestion. 

The earthworm (like most other higher animals) differs from Hydra in that 
digestion is wholly ex Ira-cellular. The function of the typhlosole is to increase the 
surface area over which absorption of food may occur. Immediately peripheral 
to the lining epithelium comes a layer of circular muscle and outside this a layer 
of longitudinal muscle ; the contractions of these two layers, by causing peri¬ 
staltic movements, push the food slowly along the intestine to the anus. 

The surface of the intestine is covered by yellow, easily detachable cells 
called chloragogen cells. They will be mentioned again in connection with the 
excretory system (p. 61). Any food which is not digested is passed out of the 
worm at the anus. The terminal part of the intestine lying in the last segment is 
the rectum. 

The lining epithelium of the pharynx, crop, gizzard and intestine is derived 
from the endoderm, but at the anterior end there is an in-tucking of ectoderm, 
called the stomodaeum, which lines the buccal cavity, and a similar ectodermal in- 
tucking at the posterior end, called the proclodaeum , lines the rectum. The name 
mesenUron is given to that larger part of the alimentary canal which is lined by 
endoderm.. The existence of a stomodaeum and proctodaeum is one of the features 
distinguishing all coelomates (see the next paragraph). 

The Perivisceral Cavity ; the Coelome 

• u The P er ‘ v ' scera ^ cavity, separating the body-wall from the alimentary canal, 
is bounded externally by the mesodermal components of the body-wall (known 
as the somatic 1 mesoderm and consisting of the musculature and the peritoneum 
or coelomic membrane), and internally by those of the alimentary canal (known as 
the splanchnic mesoderm, and consisting of the chloragen cells and the gut muscu- 
ature). It is divided into segmental compartments by the septa, which too, arc 

18 the 1 reforC a Cavity ’ or more P r «isely a series of cavities, en- 

A ZtiKonw l m T ° l ^’/ nd ^ f ° rmed ***** 1116 mesoderm °fthe embryo. 
A cavity of this kind is called a coelome ; in the earthworm the perivisceral cavity 
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and the coelome are identical. All animals having coelomes, including Man 
and all the higher animals, are called coelomates. 

The transportation of substances ; the blood-vascular system 

After its absorption by the intestinal walls the food must be transported to all 
parts of the body. In Hydra and Planaria this happens by diffusion. Now, diffusion 
is a satisfactory mode of transport only over very short distances and would be 
inefficient in so large an animal as the earthworm ; from this it follows that the 
earthworm could not have come into existence without some more effective system 
for the transporting of materials. This more effective system is the blood vascular 
system. Blood may be defined as a fluid which circulates in tubes or other spaces 
through the body of an animal, transporting substances between the different 
parts of the body. 

In the earthworm the blood transports : (a) absorbed food materials, ( b) oxy¬ 
gen, ( c) carbon dioxide and (d) nitrogenous excretory materials. The food 
materials are not absorbed until they have been rendered soluble in the lumen 
of the gut, and they, like the excretory suostances, are carried by the blood in 
solution. Nitrogenous excreta are eliminated from the body in a manner to be 
described on p. 61-63. Carbon dioxide is carried in the blood, partly in solution as 
such and partly as carbonates to a rich network of small blood vessels, the sub -' 
epidermal plexus , which lies in the body-wall just beneath the epidermis, and 
even penetrating between the epidermal cells. Here carbon dioxide diffuses 
from the blood through the epidermis into the surrounding air. Carbonates are 
excreted from the oesophageal glands (p. 58). 

While passing through the same plexus, the blood takes up oxygen which 
diffuses into it from the air, and which enters into chemical combination with the 
pigment haemoglobin to which the blood owes its red colour. In the earthworm 
this very important substance is in solution in the blood, not contained in cells 
(corpuscles) as it is in the blood of man and others of the higher animals. It owes 
its importance to the property of readily combining with oxygen, forming the 
compound oxyhaemoglobin, in which the oxygen is only loosely attached to the 
haemoglobin molecule and under certain conditions easily separates from it. As 
the blood, continuing its circulation, passes through tissues in which there is a 
deficiency of oxygen, these conditions are fulfilled, the oxygen breaks away from 
the haemoglobin and diffuses out of the blood vessel to the surrounding tissue. 
Here it is used for the oxidation of food materials, chiefly sugar, which are broken 
down to water and carbon dioxide, releasing energy. The carbon dioxide passes 
into solution in the blood and is eliminated as described above. 

In the earthworm respiration thus occurs in two steps : (a) the oxidation of 
the haemoglobin by atmospheric oxygen at a respiratory surface (here the epi¬ 
dermis) ; (b) the oxidation of food materials in the tissues by the oxygen trans¬ 
ported to them in the oxyhaemoglobin. The first step in sometimes called ‘ ex¬ 
ternal ’ and the second ‘ internal * respiration. 

The system of vessels, or blood vascular system, through which the blood circulates, 
consists of narrow tubes of two kinds. These are : (1) very tiny, very thin-walled 
vessels ramifying among the cells of all parts of the body, called capillaries, and 
(2) larger vessels in which the blood is moved from one set of capillaries to another. 
It is only while it is in the capillaries that the blood is actually engaged in 
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receiving or surrendering food materials, 
excretory materials, oxygen, or carbon 
dioxide. 

The following are the most important 
vessels (Figs. 31, 33). The Dorsal Vessel 
runs from one end of the body to the 
other just above the alimentary canal 
from which it receives tributaries ; these 
are, in the intestinal region, the intestino- 
dorsal vessels, of which there are two 
pairs in each segment. In the dorsal 
vessel the blood flows anteriorly. Below 
the gut, the Ventral Vessel runs the length 
of the worm carrying blood posteriorly 
and giving off branches to the gut, in 
the intestinal region three ventro-intestin- 
a/s per segment. It also gives off in each 
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Fig. 33. A diagram of ihe segmental blood 
vessels in the intestinal region of the earth¬ 
worm (after Grove and Newell, altered). 


segment a pair of ventro-parietal vessels taking blood to the body wall and nephridia 
(see below). It is the blood carried in these vessels which, passing through 
capillaries just beneath the epidermis, takes oxygen from the external air and 
surrenders carbon dioxide to it. 

Five pairs of wide vessels, the pseudo-hearts, run in segments 7-11 taking blood 
from the dorsal to the ventral vessel. The pseudo-hearts contract peristaltically 
and act as pumps forcing the blood around the circulation. In this they are aided 
by similar contractions of the dorsal vessel. 

Another vessel running the length of the worm is the sub-neural vessel which lies 
beneath the ventral nerve cord (p. 68) and carries blood posteriorly. Freely 
anastomosing with the sub-neural is a pair of lateral neurals. From the sub-neural 
vessel a pair of sub-neuro-dorsal vessels in each segment carries blood to the dorsal 
vessel and receives tributaries from the body wall. 


The excretory system 

dur^ofmTh < j XCreti °" ’ P r °P er, y a PPli“ to the elimination of all unwanted pro¬ 
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ally set free by disintegrating chloragogen cells, and debris of all descriptions. 
Brown bodies are like rubbish tips in which this material is stored, remaining 
there until the death of the worm. Besides the chloragogen cells and amoebocytes, 
a scries of organs called nephridia, of which there is a pair in each segment of the 
body except the first three and the last, play an important part in excretion. 

The nephridia are ciliated tubes leading from the coelome to the exterior and 
their cilia drive an outward current of coelomic fluid in this direction. Each 
nephridium lies partly in one segment (in which it opens into the coelome) and 
partly in the segment behind (from which it opens to the exterior), piercing the 
septum between the two segments. 

The pre-seplal part, as that in front of the septum is called, consists of a short 
length of nephridial tube expanding into a spoon-shaped structure which bears 
the opening of the tube into the coelome, the nephridiostome or nephrostome. The 
spoon-like expansion is the upper lip of the nephridiostome. It consists of a single 
large crescentic central cell bordered by a row of smaller marginal cells. 

The marginal cells and the central cell are ciliated on their free border and on 
the face turned towards the opening of the tube. The lower lip is smaller than 
the upper and consists of a number of cells without cilia. Both lips are covered, 
on the faces turned away from the opening of the tube, by coelomic epithelium. 
The nephridial tube consists of a single row of cells through the cytoplasm of which 
passes the lumen of the tube. In other words, the tube is intra-cellular, not inter¬ 
cellular, and the cells which are excavated to form it are called ‘ drain-pipe cells 
They bear cilia on their internal face. These cilia, with those on the upper lip of 
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From Gorve & Newell, • Animal Biology Univ. Tutorial Press 

Fig. 34. A, A nephridium (after Benham, altered) ; B> C, the nephrostome in ventral 
and lateral views ; D, in longitudinal section ( B, C 9 D based on Goodrich). 
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the nephridiostome, set up the current running from the perivisceral cavity through 
the nephridium to the exterior. Most of the post-septal part of the nephridium 
similarly consists of an intra-cellular tube made by internally ciliated drain-pipe 
cells. It turns upon itself several times, and shortly before opening to the exterior 
expands into a region called the ‘ muscular tube ’. This has no cilia and is not 
intra-cellular, but inter-cellular ; that is, its lumen does not bore through cells, 
but is enclosed by cells, just as, for example, the lumen of the gut is. It is also 
provided with a layer of muscle cells. The fluid washed down the intra-cellular 
portion of the nephridium is finally expelled from this terminal portion by the con¬ 
traction of its muscles. The nephridial apertures are very minute and are situated 
ventro-laterally just in front of the ventral chaetae. 

The coelomic fluid contains excretory substances in solution (for example, 
ammonia, urea) and these are eliminated by the loss of the fluid through the 
nephridia. Similar excretory substances are present in the blood. The post- 
septal portions of the nephridia are embedded in connective tissue richly supplied 
with blood vessels, and from these the excretory substances pass across the walls of the 
nephridial tube into their lumina. Useful substances which may also enter the neph¬ 
ridial tubes, especially water, are largely recovered by re-absorption into the blood. 


The reproductive system 

The reproductive system (Figs. 35-38) is rather complicated. The earth worm is 
hermaphrodite, producing both ova and spermatozoa. 

There are two pairs of testes formed by proliferation of cells of the peritoneum 
on the posterior aspects of the septa between segments 9-10 and 10-ir, near the 
mid-line. The testes are small, and each is produced into finger-shaped processes. 
I hey are not easily seen because they are enclosed in large whitish sac-like struc- 
Uires, the testis sacs, of which there is one in segment 10 and one in segment n. 
The testis sac of segment 10 is produced anteriorly into a pair of large pockets, 
the anterior seminal vesicles. These project upwards beside and even above the 
oesophagus and anteriorly into segment 9, pushing in the septum separating that 
segment from segment 10. The same testis sac is also produced posteriorly into a 
similar pair of pockets, the middle seminal vesicles , which push backwards into seg- 

ment 11. The testis sac of segment 11 bears only one pair of pockets, the posterior 
seminal vesicles, which push back into segment 12. * 

Cells are shed from the testes into the testis sacs and seminal vesicles These 
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Fig. 35. Development of the spermatozoa of the earthworm from sperm mother cells 
to mature spermatozoa projecting from the central mass of cytoplasm. At the bottom, a 
mature spermatozoon, more highly magnified, ‘ head ’ to the left. 

the testes, the ovaries originate by the proliferation of cells of the coelomic epi¬ 
thelium. The cells forming the base of each ovary are small ovum mother cells. 
Towards the tip of the ovary the cells become progressively larger and larger, and 
the tapering thread with which the ovary ends contains a single row of large, but 
still immature ova. These are shed from the tip of the ovary, and then pass into a 
small sac, the ovisac, borne on the septum between segments 13 and 14. Close to 



From Grove & Nexcell, * Animal Biology \ Univ . Tutorial Press 
Fig. 36. Reproductive system of the earthworm. 
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each ovisac is the inner end of one of the two 
oviducts. Each oviduct opens into segment 13 
opposite the ovary, passes through the septum 
into segment 14 and opens to the exterior by an 
aperture in that segment. 

In addition to the organs so far mentioned 
there are two pairs of small rounded sacs, the 
spermathecae, or receptacula seminis. One pair lies 
in each of segments 9 and 10, and they open to 
the exterior by minute pores in the grooves 
between segments 9-10 and 10-11. 

At night, worms partly emerge from their 
burrows and lie side by side in pairs, head to tail. 

Spermatozoa are shed from the vasa deferentia 
of each worm and are moved, in a somewhat 
complicated manner, along the sperm line (p. 

54) to the region of the clitellum. Here they are 
opposite the apertures of the spermathecae of the 
partner. The spermatozoa of each worm now 
enter, and are stored in, the spermathecae of 
the other. Thus ‘ copulation ’ results in an 
exchange of spermatozoa. 

Fertilisation does not occur till later. A worm comes singly to the surface 
and a sort of horny belt is secreted around it by glands on the clitellum. From 
eight to sixteen eggs emerge from the oviducal openings and are transferred to the 
clitellum along the egg line ; arrived here, they lie between the clitellum and the 
homy belt. Next, the worm wriggles backwards out of the belt. As the belt 
passes over segments 9-10 the spermatozoa received in ‘copulation’ are dis¬ 
charged from the spermathecae. When the belt comes free of the worm its two 
ends close up, forming the cocoon, which now contains spermatozoa and un- 

TT 11 T a ‘ Fert ; hsatl0n occurs > and self-fertilisation is clearly impossible 
Usually only one embryo completes its development. P 
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Nerve nets and centralised nervous systems 

The difference between a nerve-net and a centralised nervous system can be 
illustrated by analogy with telephone services. The nerve-net resembles a tele¬ 
phone system in which each subscriber is permanently connected to his near 
neighbours, but in which there is no * exchange * ; when he wishes to talk to a 
friend living at a distance he speaks on his instrument to all his near neighbours, 
and they then relay the message to all their near neighbours, so that the message 
spreads centrifugally from its origin, at last reaching its destination. Of course 
no such telephone system exists. If it did, it would be very inefficient for two 
reasons of interest to us : (a) it would be very imprecise, because the message would 
diffuse widely from its origin, instead of going exactly to its destination and no¬ 
where else, (b) it would be very slow, because of the delay at each new relaying' 
of the message. In the first point the analogy with the transmission of impulses 
through a nerve-net is clear. In the second, transmission is similarly slow in the 
nerve-net because whenever an impulse crosses a synapse (p. 31) it is in fact 
momentarily delayed and an impulse travelling any distance in a nerve-net 
must cross many synapses. In actually existing telephone systems there is, of 
course, a central exchange. Every subscriber is directly connected with the ex¬ 
change and is not directly connected with other subscribers. When one sub¬ 
scriber wishes to communicate with another, exchange connects him precisely 
with that subscriber and no other. The increase in precision is obviously enor¬ 
mous and the delay greatly reduced because the only relaying which occurs is so 
much as may be necessary within the exchange. The centralised type of nervous 
system resembles this. It consists of: (1) sensory or afferent neurones, the long 
processes of which carry impulses from the periphery (for example, from the epi¬ 
dermis) into the ‘ exchange ’ which is called the central nervous system ; (2) inter- 
nuncial neurones which lie wholly within the central nervous system and which, 
like the wiring system inside a telephone exchange, transmit impulses coming in 
along one set of neurones to the neurones along which it is appropriate for them 
to go out; (3) motor or effector neurones which carry impulses from the central 
nervous system out to the cells which take appropriate action, that is muscle fibres 
and gland cells. 


Neurones, nerves, and reflex arcs in the earthworm 

The senses of the earthworm are few. Living in darkness it cannot see, but it 
is sensitive to light, and, if illuminated, seeks darkness. It cannot hear, for it has 
no ears ; but it is sensitive to vibrations in the ground. It is also sensitive to con¬ 
tact, and has a chemical sense analogous to our senses of taste and smell. 

The sensory neurones, the processes of which carry impulses into the central 
nervous system, are in the earthworm identical with the sensory cells. These 
are found in the epidermis, either singly or in little groups all over the body but 
especially on the prostomium. Those which are sensitive to light (the photosensitive 
cells or photoreceptors) are small cells found especially in the prostomium, each con¬ 
taining in its cytoplasm a lens-like body which focusses the light rays on to the 
deeper parts of the cell whence there arises the nervous process or nerve fibre. 
Another type of sensory cell, found singly or in groups, are tall cells each ter¬ 
minating at its free end in a tiny hair-like projection while at the other end the 
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cell is continued into a nervous process or fibre (Fig. 39). In Hydra the nervous 
processes of the sensory cells run down to the nerve-net ; in the earthworm they 
are very greatly elongated, are called sensory nerve fibres, and each runs, without 
making any synapses, directly into the central nervous system. 

Within the central nervous system, the sensory nerve fibres make synapses 
with processes of neurones of the second type, the inter-nuncial neurones. The pro¬ 
cesses of inter-nuncial neurones make synapses with incoming sensory fibres, with 
those of other inter-nuncial neurones, and with those of motor neurones, of which 
the processes will carry the impulse outwards to muscle fibres and gland cells. 
They thus provide a multiplicity of pathways along which an impulse entering 
the central nervous system may travel before leaving it again ; the question 
of how the impulse selects the right pathway is very briefly discussed on pp. 258-9. 

After having traversed one or usually several inter-nuncial neurones the impulse 
crosses its last synapse, and arrives within a motor neurone or neurones. The cell 
bodies of motor neurones lie within the central nervous system but their longest 
processes, which are motor nerve fibres, leave the central nervous system and go 
directly to musele fibres and gland cells. 

Nerve fibres are the processes of neurones. They enter and leave the central 
nervous system m large bundles called nerves. Most nerves contain both sensory 
and motor nerve fibres ; they are then said to be mixed nerves. Some contain only 
sensory or only motor fibres and are then respectively sensory or motor nerves. ' 

The nervous pathway (Fig. 39) followed by an impulse when it passes along a 
sensory neurone into the central nervous system, through one or more inter-nuncial 
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neurones within it, and finally out from the central nervous system along one or 
more motor neurones, is called a reflex arc, and the action (as contraction of a muscle 
fibre or secretion by a gland cell) is a reflex act The term ‘ reflex ’ of course refers 
to the manner in which the impulse, having passed in to the central nervous sys¬ 
tem, is ‘ reflected ’ outwards from it. Reflex actions make up an extremely large 
part of the behaviour especially of lower animals but are also important in the 
higher animals including man (see Chapter 46). Reflex activity is character¬ 
istically automatic or machine-like. Provided the animal remains in the same 
physiological condition, the same stimulus calls forth the same reflex response ; 
the higher functions of elaborate nervous systems, such as intelligence, are not 
involved. The action may not be subject to control by the will (as we cannot 
prevent ourselves from blinking if someone moves to hit us in the face) ; indeed 
the action may not enter into consciousness at all. 

Anatomy of the nervous system of the earthworm 

We shall proceed now to describe the structure and arrangement of the ner¬ 
vous system in the earthworm, as it may be seen in dissection. 

Just above the pharynx, in segment 3, is a small, white, bilobed mass, con¬ 
sisting of two groups of nerve-cells joined in the mid-line. Such accumulations 
of nerve cells are known as ganglia (sing, ganglion) and these are called, because 
of their position, the cerebral ganglia or ‘ brain From each cerebral ganglion is 
given off a thick band of nervous tissue, the nerve-collar, or circumpharyngeal commissure, 
which loops around the pharynx and beneath it unites with the commissure of the 
opposite side. From the union of the two commissures there runs off backwards the 
ventral nerve cord, which extends throughout the whole length of the worm and is 
slightly swollen in each segment. The swellings are caused by accumulations of 
neurone cell bodies which are more numerous in the swollen regions than in other 
parts of the cord, where it consists principally of the processes, or nerve fibres, which 
are given off by the nerve cells. The development of the nerve cord shows that, 
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From Grove & Newell, ' Animal Biology \ Univ. Tutorial Press 

Fig. 40. Anterior part of the nervous system of the earthworm, from the side, diagram¬ 
matic (after Hess). 
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just as the brain consists of a pair of ganglia joined medially, so the ventral nerve 
cord is made up of two cords intimately fused together. 

The principal nerves making up the peripheral nervous system are as follows : 
(1) From each cerebral ganglion arises a nerve which supplies sense organs in 
the prostomium. (2} The nerve collar gives off on each side a nerve to the first 
segment or peristomium, and another nerve to the second segment. (3) The 
ventral nerve cord gives off in each segment three pairs of nerves which supply the 
tissues and organs of that segment. The arrangement of the nerves is shown in 
Fig. 40. 
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ANIMALS OF GRADE 4 : THE COCKROACH 

The cockroach is a member of that vast assemblage of animals, the phylum 
arthropoda (p. 49). Within the phylum, it is a member of the class insecta, a 
group which is estimated to contain about 70% of all known kinds of animals. 
Insects are particularly interesting to us because of their medical and economic 
importance, and because they and the vertebrates are the largest groups of truly 
terrestrial animals and (with other arthropods) the only animals with jointed limbs. 

The two species of cockroach common in Britain are Blatla orientalis, which has 
its original home in central Asia whence in the sixteenth century it spread along 
the trade routes into Europe, and Periplanela americana, a more recent immigrant 
from tropical America. The two species are very much alike, but in P. americana 
both male and female have wings while in B. orientalis they are absent in the 
female. The young of both species (as of all insects) are wingless in both sexes. 

EXTERNAL FEATURES 

The exoskeleton 

A cursory glance at a cockroach shows that it is everywhere encased in a fairly 
hard, jointed armour-plating. It will be remembered that in the earthworm the 
body wall is covered by an epidermis which is a simple epithelium one cell thick, 
and that covering this is a thin non-living cuticle. In Arthropods there is a similar 
epidermis but the cuticle is immensely thicker than in the earthworm and forms 
a skeleton protecting the animal from without. Such a covering is an exoskeleton. 
The cuticle consists largely of two substances: chitin and (in insects) cuticulin. 
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Fig. 41. The cockroach, Blatta orientalis. 
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The most important properties of the 
exoskeleton of insects are its impermea¬ 
bility to water and its mechanical 
strength. The first is evidently very 
important for small animals with rela¬ 
tively large surfaces living on land and 
trying to avoid desiccation. The second 
enables it to be used, as we use our 
bones, to provide stiffening for limbs in 
the form of a system of levers to which 
muscles are attached and upon which 
they pull. But in all Arthropods the 
skeleton is external and tubular and the 
muscles work upon it from within. 

Since the exoskeleton covers the en¬ 
tire surface of the animal it must be 
provided with joints. In certain places 
enabling the thickened regions on either 
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Fic. 42. Anterior aspect of a 
cockroach's head. 


a narrow strip remains thin and flexible, 
side to be bent upon one another. 


Regions of the body; appendages 

Turning now to the description of the cockroach, it is easily seen that the 
animal is divisible into three regions which are structurally very different from one 
another. These regions are the head , thorax and abdomen. 

The Head and its appendages. The head (Fig. 42) is a triangular, capsular body, 
attached to the thorax by a narrow neck, and held with the apex of the triangle 
downwards. Its development shows it to be formed by the fusion of six segments. 
The exoskeleton is made up of several tough chitinous plates closely united to¬ 
gether. A chitinous flap at the apex of the triangle is the upper lip or labrum. On 
each side of the head is a large eye. 

The head bears four pairs of appendages (Fig. 43). These are : 
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Fig. 43. Mouth parts of the cockroach, Blalta orienlalis . 

The Thorax and its appendages. The thorax can easily be seen to be made up of 
three segments called from in front backwards, the prothorax , the mesothorax and 
the metathorax. The exoskeleton of each segment (of the abdomen as well as of the 
thorax) consists of a dorsal plate, the tergum, and a ventral plate, the sternum. The 
tergum of the prothorax is larger than the other terga, and overlaps the neck in front. 

Each thoracic segment bears a pair of jointed legs, all of very similar structure. 
The mesothorax and metathorax of the adult each bear a pair of wings, except 
in the wingless female of Blatta orienlalis. The wings are flattened membranes 
formed as folds in the exoskeleton. 

The anterior wings are dark in colour and horny in texture ; they act as pro¬ 
tective covers for the more delicate posterior wings when these are not in use. 
The posterior wings are used for flying ; they are more delicate and membranous 
than the anterior pair and fold up when not in use. 

The abdomen. In the abdomen the segmented structure of the animal is more 
easily seen than in either the head or thorax. There are ten segments but some 

telescoping prevents this from being always 
obvious at first glance. The tergum of the 
tenth segment is a flat chitinous plate notched 
posteriorly ; the anus opens beneath it. A 
pair of jointed feeler-like structures, the anal 
cerci (sing, cercus) projects backwards from 
beneath the ninth tergum. These are the 
only true appendages of the abdomen. In 
males only, a pair of slender unjointed styles is 
borne by the ninth sternum. In females the 
seventh sternum is enlarged to form a boat-like 
structure Which is divided into two halves. 



Fio. 44. Posterior end of a male 
cockroach, showing the anal cerci, 
style, and two spiracles. 
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The alimentary canal (Fig. 45) 

The mouth lies betweeen the mandibles and maxillae on each side, with the 
labrum forming an upper lip, and the labium a lower lip. It opens into a buccal 
cavity , on the floor of which is a chitinous thickening resembling a sort of tongue 
and called a hypopharynx. The buccal cavity leads into a narrow oesophagus , which 
runs backwards through the thorax, into the abdomen, expanding to form a large 
crop. The crop opens into a small thick-walled conical chamber, the gizzard. 
This is a muscular organ in the lining of which are powerful chitinous teeth which 
break up solid particles of food coming to it from the crop ; and behind the teeth 
is a ring-shaped cushion beset with hairs which act as a sieve holding back all but 
the smallest solid particles from passing further along the alimentary canal. 

All the parts of the gut so far mentioned are lined by an inturned ectoderm 
and therefore constitute a long stomodaeum (p. 59). 

Lying in the thorax on either side of the crop is a double salivary gland, pro¬ 
vided with a sausage-like sac or reservoir. The glands and reservoirs open into 
the buccal cavity by a system of ducts. 


Behind the gizzard comes the mesenteron, or mid-gut, that part of the ali¬ 
mentary canal which is lined by endoderm. At its anterior end the mesenteron 
receives seven or eight tubular diverticula, the enteric caeca. It is followed by the 
ectoderm-lined proctodaeum, or hind-gut. This is at first a narrow tube giving ofT 
T? 1 ? . ll f. antenor end s “ty or seventy long and very narrow blind tubules, the 
Malpighian tubes, which fie in the perivisceral cavity. Their function is excretory 
(see p. 75). The narrow antenor portion of the hind-gut soon widens, and is 
somewhat coiled, so that the length of the alimentary canal is two and three 

hTcr^sed^Aft ? ^ C0 ' kr ?^ ch > and its intcrnal area is correspondingly 
creased. After its codings, the hind-gut narrows, and widens again to form a 
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short and thick-walled chamber, the rectum, which opens to the exterior by the 

anus. 

The perivisceral cavity ; the haemocoeh 

The cavity in which the alimentary canal and other viscera lie is the peri¬ 
visceral cavity. We saw in the last chapter that the earthworm, too, has a peri¬ 
visceral cavity and that this is of the kind called a coelome. The perivisceral 
cavity of the cockroach (and of all arthropods) is not a coelome, but a haemocoele 
(p. gi). It is given that name because it contains blood, which is not found in 
the perivisceral cavity of the earthworm. The nature of coelomes and haemo- 
coeles and the differences between them are further discussed in Chapter X, when 
it will be shown that the true coelome is represented in the cockroach only by the 
cavities of the gonads. 

The fat-body 

‘ Fat-body ’ is the name given to a whitish mass of tissue occupying a large 
part of the perivisceral cavity. It consists of large polygonal cells containing fat 
droplets, protein granules, and sometimes glycogen. It is a reserve store of food. 

The blood-vascular system 

The blood of the cockroach and other insects differs from that of the earth¬ 
worm and of the higher animals in being colourless, for it lacks haemoglobin. It 
contains considerable numbers of colourless cells, the leucocytes ; at least some of 
these are phagocytic, that is they take up solid particles as Amoeba does and so 
destroy dangerous bacteria, etc., which may get into the blood. 

The vascular system consists of the heart, a 
blood vessel called the aorta, and the general 
body cavity or haemocoele. 

The heart is a long narrow tube, in the mid¬ 
line, just below the roof of the thorax and ab¬ 
domen. It consists of thirteen chambers, each 
of which has a pair of apertures opening into it 
from the surrounding haemocoele, while each 
chamber opens into the one in front of it. An¬ 
teriorly, the heart is continued forwards as a tube 
without ostia, the aorta which opens into the 
haemocoele in the head. Posteriorly the heart 
is closed. Both heart and aorta contract peri- 
staltically, ring-like waves of contraction travel¬ 
ling along it from the posterior to the anterior 
end, driving the blood before them. 

The blood passes forward in the heart and 
through the aorta into the head where it enters 
the haemocoele. It then passes back from the 
haemocoele of the head into that of the thorax 
and abdomen, and thence into the heart again. 
Fig. 46. Heart and chief trunks W Hile circulating in the haemocoele the blood 

roach (based on Miall and Denny). comes into direct contact With the tissues OI 
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parts of the animal. In earthworms and most other animals (including verte¬ 
brates) this is not so, the blood never coming into direct contact with the tissues 
but being confined to the blood vessels, the tissues being bathed in a distinct fluid, 
the lymph (p. 174), or inter-cellular fluid. The ‘ blood ’ in the cockroach is thus 
both blood and lymph and is therefore more correctly called haemolymph. 


The respiratory system 

The respiratory system of insects is very unlike anything found in other animals 
except centipedes, millepedes and some Arachnida. It consists of a system of air 
tubes, the tracheae , opening to the surface. In the cockroach there are ten pairs of 
openings or spiracles : two pairs between the thoracic segments near the legs, 
one pair on the first abdominal tergum, and the remainder between the terga and 
sterna of the successive abdominal segments (Fig. 44, p. 72). The spiracles open 
into wide tracheal trunks whence profusely branching tracheae go to all parts of 
the body. All except the smallest tracheae have a spirally thickened chitinous lining 
which serves to keep them open (compare the spiral thickening of many xylem 
vessels of plants, p. 187). The smallest branches of the tracheae ramify among the 
tissues and oxygen diffuses from them to the tissue cells. The air in the tracheae 
is slowly changed by diffusion through the open spiracles but after activity, when 
the insect’s tissues are in greater need of oxygen, in a more active manner : the 
abdomen, by alternating expanding and contracting, draws air into the tracheae 
and forces it out again, while a certain circulation is ensured by opening all the 
spiracles during expansion and closing some of them during contraction. 

Carbon dioxide diffuses through animal tissues and chitin much more readily 
than oxygen does ; hence, it is eliminated from the animal largely by diffusion 
directly outwards through the body-wall, as well as through the tracheal system. 


The excretory system 

The excretory organs are the Malpighian tubes, which open into the anterior end 

an ;nrhT t0dae T' 7 ^ ** ^ ‘° ^ are a litt,e !«* than 

bathed in bT T ?S y °T T CheS in diameter - They lie in the haemocoele 

A-°°u and . fr ° m tHlS thCir CC,ls ^ U - D Oogenous excretory materials 
hese are discharged in watery solution into the lumina of the Malpighian tubules 

mnTf 5 ey PaSS T t0 ^ hmd ' gUt and are voided with the faeces*at the anus 
most of the water being recovered by re-absorption in the proximal parts of the 
Malpighian tubules, and in the intestine and hind-gut. P 
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transparent epidermis 



Fig. 47. A, Facets forming the surface of a 
compound eye ; each facet is the end of an 
ommatidium ; D f an ommatidium in longi¬ 
tudinal section. 


series of cells, heavily laden with granules 
of pigment, which ensheathe the omma¬ 
tidium, optically isolating it from its neigh¬ 
bours. 

Each ommatidium is a single complete 
light-perceiving unit. Owing to its form 
and to its sheath of pigment, the only light 
rays which reach the retinula cells are those 
nearly parallel to its long axis. Thus each 
ommatidium ‘ sees ’ only a small portion 
of the whole environment ; further, the 
word ‘ sees ’ is probably here misused be¬ 
cause it is unlikely that a single ommatid¬ 
ium can form an image. It is more likely 
that it reacts as a unit, its contribution 
to the image seen by the whole eye being 
comparable with a spot of light. The 
image seen by the whole eye is made up of 
such ‘ spots of light ’, each contributed by 
an ommatidium ; the spots differ from one 
another in intensity and colour. The per¬ 
fection of the image evidently depends 
very largely on the number of ommatidia 
in the eye ; the more the better. Some 
ants have only six or nine, the cockroach 
has 18,000 and the dragon-fly, a very skilful 
hunter of small insects on the wing, 28,000. 
An image built up from even this number 
of spots of light must be far less perfect than 
that formed by the human eye, which 
has in its retina many millions of light 
perceiving units. Even in bees, which 
can be trained to distinguish simple 
patterns, and which find their way home 
by the use of land-marks, visual acuity 
seems to be only one fiftieth that of man. 


Other senses. The sense of smell in the 
cockroach is well developed, and is located principally in the antennae, and that 
of taste in the maxillary and labial palps. The sense of touch is also located par¬ 
ticularly in the antennae, but is also much more generally distributed as it is in man. 
In those insects like crickets and cicadas, which make noises, there is an ear ; no 
such organ is definitely known in the cockroach ; but certain hairs of the anal cerci 
are set vibrating by sound waves and possibly constitute a very simple ear. 

The nervous system 

The nervous system of the cockroach (Fig. 45, p. 73) is built on the same plan as 
that of the earthworm. There is in the head a pair of supra-oesophageal ganglia, or 
brain, each of which is joined to the optic ganglion below the eye and, by a nerve 
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collar, to a pair of fused sub-oesophageal ganglia, also in the head. From the sub- 
oesophageal ganglia a double nerve cord runs backwards uniting three pairs of fused 
ganglia in the three thoracic segments and six in the abdomen ; the last abdominal 
ganglion is enlarged and represents the fused pairs of ganglia belonging to several 
posterior abdominal segments. From the ganglia nerves are of course given off to 
all parts of the body. 

The supra-oesophageal ganglia control response to stimulation of sense organs 
in the head, especially the eyes and antennae, and is concerned with the more com¬ 
plex types of behaviour seen in insects (pp. 514-516). The sub-oesophageal ganglia 
control the action of the mouth-parts. 


The reproductive organs 

The testes are active only in the young cockroach ; having formed a stock of 
spermatozoa, they become inactive and in the adult they are very small. From 
the testes vasa deferentia lead to seminal vesicles, or ‘ mushroom glands ’ from which 
are given off a great number of blind pockets, in which the spermatozoa, produced 
during the early life of the animal are stored. The seminal vesicles open into a 
single median ejaculatory duct, which has muscular walls. It opens to the exterior 
between the ninth and tenth sterna. 


rhe female has paired ovaries, each of which consists of eight beaded tubules • 
each bead indicates the presence within the tubule of an egg. The tubules of each 
ovary join posteriorly to form an oviduct which runs backwards, and the two ovi- 
ducts unite forming a vagina which opens to the exterior on the sternum of seg- 

l • u The , V ! ginal ° P T ng ,cads into a large P^ch called the genital pouch 
which is bounded posteriorly by the two halves of sternum 7 which can be opened 

and closed like a pair of doors. Besides the ovaries and oviducts there are also 

ertain accessory structures. The colleUrial glands are branched glandular tubes 

opening close to the aperture of the oviduct. Their secretion foils the egg-ca^ 

and each egg-case contains sixteen ova, one from each of the ovarian tubuljf The 

spermathecae are a pair of pouches lying close by the collaterial glands. They receive 

hooT 1 T ! ma f, j C ° pulatJon - Both scxes are provided with a set ofcuticular 
™“ f0Und in thC neighbourhood of the 


The life history 

mature, and in lacking wings, 7 ’ ln being sexua % im- 

As the young cockroach ’grows, its exoskeleton, 
being non-living and therefore unable to grow, be¬ 
comes too small and at intervals it is shed. Shortly 

“ happe ?u HqUid appears se Parating it from 
the epidermis, and beneath this the epidermis secretes 

the C nIH UUC e 1 “ “ at firStS ° ft and exten sible. Next, 
the old exoskeleton splits down the back, and the 

alma°M h W0F ^ ltS - Way 0Ut ‘ 11 * now a Pale, soft 
animal, larger than it was when imprisoned in the old 



From Laing's • The Cockroach \ British 
Museum (Natural History) 


Fig. 48. Egg case of the 
cockroach. 



BIOLOGY 


78 

armour ; the new skeleton soon hardens and darkens, and the enlarged cockroach 
goes about its business. In due course, as the young insect continues growing, the 
process is repeated ; there are altogether from five to seven of these moults. Each 
moult is called an eedysis and the form between two moults, an instar. The wings are 
first seen as little pads on the mesothorax and metathorax, but after the last eedysis 
they open out as the wings of the adult. In all winged insects the wings only 
appear fully developed and extended in the adult stage ; in all earlier instars they 
are cither invisible (being hidden internally) or are seen only folded into pads as 
in the cockroach. 

Once an insect has passed through its last eedysis its growth is at an end. Adult 
insects never grow. 



CHAPTER IX 


INSECTS 

CLASSIFICATION OF INSECTS 

The half million or so species of insects are classified into three sub-classes 
according to the character of the life-history. 

A few insects are primarily wingless ; that is, they represent a stage in insect 
evolution before wings had been evolved. In these forms, which include small and 
primitive insects like the silver-fishes or brisde-tails and the spring-tails, the newly 
hatched young is almost exactly like the adult except in size and in being sexually 
immature ; the life-cycle after hatching is here an affair of getting bigger, not 
of developing form. These animals are placed in the first of three sub-classes, the 

AMETABOLA Or APTERYGOTA. 

All the remaining insects are either winged or secondarily wingless (that is, 
have lost wings which their ancestors undoubtedly possessed). No insect has 
wings when it is hatched, but in a very large number the young forms ( nymphs) do 
not otherwise greatly differ from the adults and even the wings may appear as 
early as the second or third instar as pairs of pads on the mcsothorax and meta¬ 
thorax, though they never complete their development and expand until the last 
or adult instar. Such insects form the sub-class heterometabola or exoptery- 
gota which includes, among many others, the cockroaches, grass-hoppers, termites 
or white ants dragon-flies, plant bugs, and lice. 

In the remaining insects, which form the sub-class holometabola or endo- 
pterygota, the young form is called a larva and is very different from the adult • 
U passes through an inactive stage, the P u P a, during which it transforms itself into 
the adult. The transformation is called its metamorphosis. Examples are the 
caterpillar and pupa of the butterfly, and the maggot and pupa of the fly or bee. 
ihe larva never shows externally any sign of wings and in many they are not 

r CVCr L; n ^ P TV° ** nothin & su «S«ts their existence until 
*7 “P“ d > “fy la»« moult. In others, the wing, appear a, 

pads on the surface of the pupa, recalling the tying pads seen on the nySphs of 

beefe a7t h lmCCtS ' Th £ HoloMETABOL * inc| ud<= the butterflies and moths, 
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As an example of such a life-cycle we may take the Cabbage White butterfly, 
Pieris brassicae (order Lepidoptera). The eggs are deposited on the leaves of a 
suitable plant, usually the cabbage. Each is a little somewhat barrel-shaped 
structure with a delicately sculptured surface. About a week later the eggs hatch. 
The larva which emerges from each is called a ‘ caterpillar ’ and is a little soft- 
bodied segmented creature with a hard head equipped with a pair of powerful 
mandibles adapted for biting the cabbage leaf on which the animal feeds. The 
three segments behind the head represent the pro-, meso-, and metathorax and 
each bears a pair of short jointed legs ending in claws ; they are used less for walk¬ 
ing than for holding the leaf while the jaws are at work on it. Besides these, other 
fleshy unjointed legs, called pro-legs , are born on the sixth, seventh, eighth, and 
ninth segments behind the head and on the last segment. These short stumpy 
limbs each end in a little cushion bearing a half circle of tiny hooks ; they are used 
for clinging to the leaf and in walking. The three pairs of thoracic limbs occupy 
the same position as the legs of the adult, which develop beneath them, while the 
pro-legs completely disappear in the mature insect. The newly hatched cater¬ 
pillar immediately begins to feed on the leaves of the cabbage, quickly devouring 
many times its own weight; a silk-worm, the caterpillar of a moth, ate 86,000 times 
its own original weight in fifty-six days and then weighed 4140 times as much as 
on the first day. 

When after four moults and about thirty days, it has grown to its full size, 
the Cabbage White caterpillar stops eating and usually moves away from the food 
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plant on to some such vertical surface as a tree trunk or the palings of a fence. 
Here its posterior extremity is attached to the surface by means of a little pad of 
silk while the rest of the body is supported by a silken sling which holds it against 
the surface. When the attachment is completed, the second last moult begins : 
the old caterpillar skin is sloughed off revealing, not once again the caterpillar 
clad in a new skin, but the pupa, a greenish structure which at first does not 
appear to resemble either caterpillar or butterfly, but in which a closer examina¬ 
tion shows the outlines of all the external structures of the mature insect, including 
pads which contain the developing wings. During the pupal stage the animal 
neither moves nor eats and there are drastic internal transformations, those struc¬ 
tures which, like the pro-legs, are absent in the adult butterfly, being broken down 
and their material used for the nourishment of other parts, like the wings, which 
in the caterpillar were absent or represented only by rudiments. 

The duration of the pupal stage in the Cabbage White depends on the time of 
year ; it may be about two weeks or from Autumn to Spring. 

The emergence of the butterfly from the pupa is the last moult. The pupal 
skin splits down the back and the butterfly crawls out. Its wet and folded wings 
quickly expand and dry and the perfect insect flies away. An important difference 
between the caterpillar and the butterfly is in the mouth parts. The caterpillar 
has strong biting jaws and indeed all three pairs of mouth parts (mandibles, first 
and second maxillae) are present, while in the butterfly, which takes no food but 
nectar (p. 209), the mandibles are rudimentary or absent, the labium is repre¬ 
sented by its palps, and the maxillae reduced except for their galeae. These form 
the two halves of a long tube which is coiled like a watch-spring beneath the head 
but which can be unrolled and thrust deep into tubular flowers to suck nectar 
from them (see p. 215). It is called the proboscis. 


SOCIAL LIFE AMONG INSECTS 

. Many kinds of animals habitually live together in larger or smaller aggrega¬ 
tions : one thinks of schools of fishes, packs of dogs, prides of lions and so on, but 
only two groups (besides man) have developed anything which can fairly be called 
social life in the sense in which we use it of our own civilisations. These groups 
are the insect orders hymenoptera (sub-class holometabola) and koptera 
(termites or white ants sub-class heterometabola) . 

Among the hymenoptera many species of wasps and bees, and all the ants, are 
social. The honqr-bee will serve as an example of one of the most elaborate of 
insect societies. The members of a hive are of three kinds : drones, workers, and 

ZTr' t P r °™ are ; W ° rkerS and qUcens are females > but only Ae queens 
are fertile. The workers are normally incapable of producing eggs, but instead 
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and pollen brought in by the foragers, in building the comb with wax secreted by 
special glands in her abdomen, and in guarding the entrance to the hive. The 
last phase is one of outdoor work ; the bee forages the neighbourhood for nectar 
and pollen, and continues in this work until she dies. 

Every new hive starts as a ‘ swarm ’ ; a queen, accompanied by a number of 
workers, deserts an existing hive to set up house elsewhere. In the new establish¬ 
ment the queen, who was fertilised by a drone of the old hive long ago, lays eggs, 
all of which at first develop into workers. It is only later that drones and a new 
queen appear. The drones develop from eggs which have not been fertilised 
(that is, they are parthenogenetic^ p. 359), but queens, like workers, from fertile eggs. 
A fertilised egg becomes a queen or a worker according to the food which is given 
to the legless maggot ; those to be queens are placed in larger cells than the ordin¬ 
ary and are fed on a special diet called ‘royal jelly’. 

Shortly before the new queen becomes adult the old queen, accompanied by a 
number of workers and some drones, swarms, starting a new hive elsewhere. When 
the first young queen escapes from the pupa she goes the round of all the other royal 
cells and stings their occupants, who would be her rivals, to death. She then flies 
high into the air, accompanied by drones. This is the ‘ nuptial flight ’ during which 
she is fertilised ; it is followed by her return to the hive to begin her work of egg- 
laying. When, at some later time, another young queen appears, it is she and not 
the old queen who leads out the swarm. A queen may, in the course of her life, lay 
one and a half million eggs and a hive may at one time contain as many as 80,000 
bees, of which the immense majority are workers. The ultimate fate of the drones 
is a miserable one : useful for nothing but the fertilisation of queens, and therefore 
valueless food consumers when this duty has been accomplished, on the approach 
of winter they are driven out of the hive to perish. 

Though bees show us a complexity of social life which is surprising enough 
they are outdone by the ants. All species of ants are social, living in nests often 
hundreds of thousands strong. They are remarkable for the great development of 
caste differentiation among them. Besides a basic division of the females into 
fertile and sterile forms, as in bees, the sterile forms may be divided into large and 
small worker castes and soldiers, the last having extra large heads and mandibles. 
Among the fertile females there may be winged and wingless castes, but the males 
are usually of one kind, winged and fertile, though a few species have a caste of 
wingless males. 

Most ant nests are subterranean, consisting of elaborate chambers and galleries 
dug in the earth, each little particle of soil being carried above ground where a 
low mound often indicates the presence of the nest. Some ants, however, live in 
other situations. A tropical ant makes nests in the foliage of trees, joining the 
leaves together with silk produced from a gland in the maggot. Adult workers 
draw the leaves together while others ‘ sew ’ them by lifting up a maggot and 
touching the orifice of the gland repeatedly first to one leaf and then to the other, like 
an animated shuttle. Other species live in hollow thorns and other cavities of plants. 

Some ants, which are believed on morphological grounds to be primitive 
forms, are carnivorous hunters, like the famous ‘ legionary ants ’ which make no 
permanent nest, but wander in great armies from place to place, destroying as they 
go all forms of animal life that are not too big for them, even sometimes large 
vertebrates. The famous naturalist Bates saw in South America 60-70 yards of 
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one such horde, but saw neither of its ends. Many less primitive ants have 
achieved a pastoral economy living mainly on the sweet ‘ honey dew ’ exuded from 
the glands of aphids (green fly) and other plant-sucking bugs ; the ants protect 
their ‘ cattle ’ on the foliage and may herd them inside the nest. It is perhaps 
even more surprising that ants should practise agriculture. The leaf-cutter ants 
of South America ( Atta and other genera), strip the leaves off suitable trees, and 
cut them into pieces which arc rolled up into balls and packed away in the nest. 
A fungus then grows on the balls and this is the ants’ chief food. The fungus garden 
is carefully tended and weeded and when a new nest is established a sample of the 
fungus is carried to it in the mouth of its queen. 

One of the less admirable but more remarkable of the habits of some ants is 
that of ‘ social parasitism ’ which intergrades with slave-making. A minute ant, 
Solanopsis fugax , lives in tunnels intertwining with those of various larger species 
and opening into them. Through these the smaller ants enter the nests of the 
larger and steal their larvae for food, escaping successfully because the galleries 
of their own nest arc too small for their unwilling hosts to enter. A more 
developed form of social parasitism is seen in the slave-making of Amazon 
ants, one of which is Polyergus rufescens, a European species. A young queen 
of this ant enters the nest of another species, usually Formica fusca, murders the 
queen and gets herself accepted in her place. The workers of the invaded nest 
continue to do all its work and even feed the usurper ; but since their true queen 
is dead they gradually die out. However, the supply of labour is kept up by the 
worker progeny of the usurping queen which do nothing but go slave-raiding, 
bringing back pupae which they have captured from the nests of their victims 
(usually F. fusca) and which are reared as slaves. In Polyergus rufescens the queen 
and workers are so dependent on their slaves that they are not only incapable of 
making nests apd of feeding their own young, but are even nearly or quite unable 

to feed themselves, and but for the assistance of their slaves might starve in the 
midst of plenty. 


COMPARISON OF INSECT IVITH HUMAN SOCIETIES 

No one can deny that very astonishing resemblances exist between some insect 
societies and our own ; this is especially so with ants, whose practices of hunting, 

° j Ca L tUe - he / d,ng ’ ° f a g ricuIturc and of war suggest that, between our society 
and theirs, there must be a similarity of fundamental nature. 

But if, instead of listing the achievements of the different societies, we examine 

the biological qualities which underlie them, differences of a fundamental quality 
begin to appear. H y 
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Next, a fact which will be discussed further in Chapter XLVI is that the insect 
‘ knows ’ its work and does it, to all appearances perfectly, without instruction, 
and without previous experience, and at least in some cases without having any 
possible knowledge or understanding of the social function of what it does. It 
acts ‘ instinctively In man the opposite of this is true ; he is taught, he learns 
by experience, he acts, as we say, purposefully, and he can answer the question, 
‘ why do you do this?’ 

A third difference lies in government. Human societies are governed by the 
will of men placed in authority. Among insects, though we talk of ‘ queens 
there are neither rulers nor ruled, but only 4 rules ’. These rules are the instincts 
which regulate the life of every member of the society according to his sex or caste. 
Such regulation by non-rational instinct excludes the possibility of intended 
change. Insect societies are much older than those of man and very stable ; but 
they are also extremely unprogressive. 

Yet another difference lies in the degree to which the individual organism is 
subjected to the welfare of the society-as-a-whole. With us, even in the exceptional 
circumstance of war, society is thought to exist for the welfare of the individuals 
composing it ; but among insects it is almost as though the society had itself 
developed a new individuality to which the single insect members were as subject 
as the single cells of a metazoon to the whole multi-cellular individual. The ant or 
bee, compelled by the inherited instincts which rule its life, sacrifices itself without 
any sign of hesitation or fear whenever the successful performance of a social task 
requires it. 


INSECTS AND MAN 

The most obvious relation between men and insects is one of hostility. As our 
enemies, insects can be divided into two groups according as their activities are 
directed immediately against our life and health or against the products of our 
agriculture and industry. 

It has been estimated that the average loss caused by insects, over all crops, 
is ten per cent. As an example of the ravages caused by an insect pest we may 
mention the Mexican cotton boll weevil (Anthonomus grandis). This little beetle, 
only about 1/6 in. long, was originally confined to Mexico, but in 1892 it crossed 
the United States border and in the next thirty-five years invaded nearly the 
whole of the American 4 cotton belt \ The female beetle lays her eggs in the buds 
or flowers of the cotton plant and the grubs ruin the seeds or prevent their forma¬ 
tion (cotton is made from the hairs on the seeds). This pest causes an annual loss 
estimated at about £50,000,000. 

In general the multiplication of an insect till it becomes a serious pest is due to 
man’s disturbance of the 4 balance of Nature \ The conversion of a wild plant 
into a crop enormously increases the food supply of insects feeding on it, so they 
too increase and may escape from the control of their enemies. 

In many cases an insect (or other animal or plant) becomes a serious pest only 
when it is transferred to some country in which it has not previously lived, but 
where conditions favour its multiplication. Usually the natural enemies which 
limit its numbers are left behind, so the pest multiplies enormously and may soon 
threaten the prosperity of a great industry. In many such cases economic ento- 
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mologists have attempted to re-establish a balance by searching in the homeland 
of the pest for its natural enemies and then importing them in the hope that they 
will limit its numbers. This is ‘ biological control It requires an intimate 
knowledge of the natural history of the pest and its enemies, and care to sec that 
insects introduced to fight it are not such as are likely to become pests themselves. 
It is also important that when insect allies are introduced, they are not accom¬ 
panied by other insects which would destroy them. 

In many, though not in all instances, biological control has met with startling 
success. An insect called the cottony-cushion scale (Icerya purchasi ), which had 
been accidentally introduced into California from Australia, became so serious a 
pest in the Californian orange and lemon orchards that the industry was threatened 
with ruin. A lady-bird beetle (Vedalia cardinahs), whose larvae were found preying 
on the scale insect in Australia was then introduced into California where it 
multiplied prodigiously (in the presence of abundant nourishment and possibly 
relieved of natural enemies left behind in Australia) and in less than five years had 
so reduced the numbers of the pest as to make it unimportant. 

The liberation of great areas of land in Australia from the ‘ prickly pear ’ is 
probably destined to be the most famous example of the control of a pest by the aid 
of its natural enemies. ‘ Prickly pears ’ is the name given to cactus plants of the 
genus Opunlia, tall branching cacti with long spines. In their natural home in 
North and South America the attacks of insects and other factors keep down the 
number of the plants; but several species were unfortunately introduced into 
Australia. Now the cactaceae are very specialised and peculiar plants and few 
insects will eat them ; they do not occur naturally in Australia and when they 
were imported every care was taken not to bring any of their insect enemies with 
them. The result was that they flourished, escaped from cultivation, and in 1925 
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covered some sixty million acres in Queensland and New South Wales. Over 
about half of this area the infestation was so thick that all herbage was destroyed 
and the land was totally useless ; indeed much of it could not be entered, the 
close-growing, tall, spiny plants making an impenetrable barrier. The area occu¬ 
pied was growing by about a million acres a year. The land was pastoral, but 
cattle cannot compete against prickly pear, and mechanical aids like ploughing are 
useless or prohibitively expensive. Before the pest reached its climax in 1925, 
entomologists, directed by Australian Governments, were at work seeking for 
natural enemies in North, Central and South America and elsewhere. About 
150 insects and other organisms attacking the plants were studied ; some were 
sent to Australia and investigated further, and finally a few were bred in very 
large numbers and liberated. Already in 1926 the advance of the plants was 
being checked and then came the most successful of these insect allies, a moth 
happily named Cactoblaslu cactorum. The caterpillars of this moth burrow in the 
1 leaves ’ (really cladodes, p. 201) of the cactus and so damage it as to enable 
certain bacteria to enter the leaf. It is these which are the immediate causes of 
the death of the cactus. The results of distributing the eggs of the insect in enor¬ 
mous numbers over several years were spectacular. In one belt of dense cactus, 
a hundred miles long, eggs were distributed in 1929, and by the middle of 1932, 
90 per cent, of the prickly pear had been destroyed. To-day the prickly pear pest 
is virtually a thing of the past. 

Turning to those of our insect enemies whose threat is against life and health, 
we can divide them into ; (a) those which spread disease by accidental contact 
with bacteria and other pathogenic agents, and of which by far the most important 
example is the common house-fly (Musca domestica : sub-class holometabola, order 
Diptera) ; ( b) blood-sucking insects which, like some mosquitoes and fleas, spread 
disease in biting ; and (c) some interesting but medically not very important flies 
which in the maggot stage may live in the flesh of men or animals. 

The house-fly, with some of its close relatives, is (after infected human beings) 
the most important single agent in spreading disease. Its importance depends 



A. c & D. "Produced from * The House-Fly 1 by Major E. E.AuMi.byParnisHonpf Ue 
Trustees of the British Museum ; B from ' The House-Fly by C. Cordon Hexntt, by 
permission of the VniversUy Press, Cambridge 


Fig. 51. Stages in the life-history of a house-fly (Musca domestica). A, the egg ; B, the 

larv a or maggot ; C, the pupa ; D> the adult. 
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on its life history and habits. The eggs are deposited in rotting materials, such as 
manure, and hatch on the same day, the larvae which emerge being legless 
maggots, or ‘gentles tapering anteriorly, soft and white, with a pair of hooked 
mandibles. A week after emerging from the egg, the maggots pupate inside the 
last larval skin which forms a barrel-shaped or oval protecting wall. Pupal 
life continues for a week, and then the winged fly emerges. This, like other 
members of the order Diptera, has only one pair of wings carried on the meso- 
thorax. 


House-flies are very active insects, flying freely from food to food, and apparent¬ 
ly finding the sputum of the tubercular patient or the stools of another with typhoid 
fever, and the babies’ milk, equally delectable. Their hairy legs are always 
covered with bacteria, and these the flies, which are cleanly insects, industriously 

or are scraped or washed off as the 
insect walks over sugar or drowns in tea. Besides this, flies take bacteria into their 
alimentary canals in the liquid they suck, and many of these survive ; they then 
pass out of the fly in its faeces (fly spots) or in the material regularly vomited after 
feeding all too often on to human food. Flies are believed to disseminate the 
agents of typhoid fever, infantile diarrhoea, tuberculosis and other diseases 

An account of the more important blood-sucking insects, and of their part in 
the transmission of diseases, will be found in Chapter LI. P 

The last form of attack by insects on man which we shall notice here is that 
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It has in recent years been a common surgical procedure to produce a myiasis 
intentionally. The larvae of some (lies, such as those of Lucilia sericata , when living 
in infected wounds full of bacteria and dead or dying tissues, appear to destroy both 
without damaging healthy tissues ; accordingly maggots bred under sterile con¬ 
ditions arc placed in wounds and have been found of good service in cleaning 
them up. The practice has declined, with the discovery and use of such drugs as 
the sulphanilamides and penicillin. 



CHAPTER X 


THE COELOME AND METAMERIC SEGMENTATION 


THE COELOME 

The coelome has now been mentioned in two connections ; its presence has 
been given as the principal feature distinguishing the fourth and higher grades of 
animal organisation from the third, and it has been described in our two examples 
of the fourth grade, the earthworm and the cockroach. It is now necessary to 
define it more exactly and to show why such importance is attached to it. 

There is a time in the early development of all multicellular animals in which 
the embryo consists of only two germ layers (p. 36), between which is a greater 
or smaller cavity, the blastocoele. Among adults, Hydra remains in this condition, 
save that the blastocoele is closed by the ectoderm and endoderm approximating 
to one another with only the non-cellular mesogloea between them. In triplo- 
blastic animals a third layer of cells, the mesoderm, intervenes between the ectoderm 
and the endoderm. In animals of grade 3, for example Planaria and the liver-fluke, 
the mesoderm fills the space between ectoderm and endoderm, reducing the blasto¬ 
coele to tiny interstices between its cells. In those of grade 4 and higher grades, 
which are described as coelomates, a new cavity appears in the mesoderm. This new 
cavity, which is the coelome , is formed in different ways in different groups of animals 
In Annelids and Arthropods (the phyla to which the earthworm and the cock- 
roach respectively belong) the mesoderm is at an early stage arranged as a series 
of small paired sacs lying in the blastocoele one behind the other along the length 
of the embryo between its ectoderm and endoderm. These sacs are called mesodermal 

sacs (or sometimes somites ’, but this term is better restricted to slightly different 
structures m vertebrates). • ° 7 

The history of the mesodermal sacs and of their cavities (the coelome) is very 
ditterent in the earthworm and the cockroach. 7 

but^r^rr , the y en,ar g c so Aat y fill the blastocoele which then all 
but ceases o exist, its place being taken by their cavities. As the sacs enlarge each 

meets its fellow of the opposite side above and below the alimentary canal ; S the in¬ 
tervening walls break down so that the cavities of the two sacs become continuous 
around the gut. In other words, they form the perivisceral cavity ; and because the 

Sit'll T/ 0 T 
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Fig. 52. A , Diagram of a diploblastic animal ; the space between the ectoderm and 
endoderm is the blastocoelc. B f Triploblastic non-coelomate. C, Triploblastic coelomatc 
in which the intra-mesodcrmal cavity, or coelome, has enlarged, obliterating the blasto- 
cocle, and becoming the perivisceral cavity. D represents the embryo of a triploblastic 
coelomatc and shows a pair of mesodermal sacs with coelomic cavities. In E\ F y G y the 
mesodermal sacs enlarge and come into contact (/•*), when the walls between their cavities 
dissolve ( G) ; the blastocoelc is almost completely obliterated, being reduced to the cavities 
of blood vessels. G represents the condition in the earthworm. In //, the mesodermal sacs 
remain small, the blastocoelc becomes the perivisceral cavity, while the mesodermal sacs 
form the gonads with their cavities (the coelome), and their ducts. This is the condition in 
the cockroach. Black, ectoderm ; cross-hatched, endoderm ; stippled, mesoderm. 


The cockroach (like other Arthropods) resembles the earthworm in forming a 
scries of pairs of mesodermal sacs which lie in the blastocoele, but they remain 
small. The blastocoele is therefore not obliterated by their expansion, but persists 
in the adult as the perivisceral cavity. Thus in the cockroach, the perivisceral 
cavity is derived from the blastocoele, not from the coelome.. The mesodermal 
sacs give rise to the gonads, their cavities becoming the cavities of the gonads. 
Since the cavity developed in the mesoderm is the coelome, and since in the cock¬ 
roach this cavity gives rise to nothing but the internal cavities of the gonads, it 
follows that in the cockroach the coelome is represented only by these cavities. 


Importance of the coelome 

In such an animal as the earthworm, the presence of the wide coelomic cavity 
makes easier the performance of peristaltic and other movements of the gut and, 
because the muscles of the body wall can press on and displace the coelomic fluid, 
assists in locomotion (p. 57). But the outstanding importance of the coelome is 
less in its direct value to the animal possessing it than in its indirect effect on 
further evolutionary changes. To understand these we must consider how sub- 
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stances are transported about the bodies of different animals. In Hydra diffusion 
easily occurs, across the mesogloea, between endoderm and ectoderm, and all the 
other exchanges take place directly between the cells and the water around the 
animal or in the coelenteron. In non-coelomate triploblasts (grade 3, e.g. Plan- 
aria) interchange of materials is by diffusion through the fluid filling the interstices 
of the mesoderm, i.e. the remains of the blastocoele. We may regard this inter¬ 
stitial fluid as a precursor of blood and lymph. In the cockroach the large peri¬ 
visceral cavity is derived from the blastocoele and contains the haemolymph (p. 
75), a fluid which resembles lymph in circulating in the tissues in direct contact 
with their cells, but like blood also circulates in the heart and vessels. In the 
earthworm the perivisceral cavity is the coelome and therefore does not contain 
blood (which we have seen to be a blastocoelic fluid) ; the enlargement of the 
coelome has reduced the blastocoele to a scries of narrow channels and in these 
channels are formed the blood vessels. Thus, the cavities of the blood vessels are 
regarded as representing the remains of the blastocoele. 

We thus find that when, as in the earthworm, the coelome so enlarges as to 
reduce the blastocoele to a series of narrow tubes (in which therefore the blood is 
contained), these tubes become blood vessels, while if, as in the cockroach, the 
coelome does not enlarge but allows the blastocoele to become the perivisceral 
cavity, then the blood occupies this large and irregular space and the few true 
blood vessels open into it. Such a perivisceral cavity, derived from the blastocoele 
and therefore containing blood, is a haemocoele. Since the blood vessels open into 
the haemocoele, such a blood vascular system is described as ‘ open while that 
of the earthworm, consisting wholly of tubular vessels which do not open into the 
perivisceral cavity, is ‘ closed \ 

The closed blood vascular system is a structure of very great importance 
because a branching system of vessels, penetrating through all parts of the animal, 
provides an efficient mechanism for the supply of food and oxygen, and the re¬ 
moval of wastes, from much larger masses of tissue than could be kept alive by 
diffusion. Thus animals with such vascular systems can become enormously 
larger than others, and increased size permits greater elaboration of structure. 

No structure as complex as that of a cow could be contained in the bulk of a 
cockroach. 


METAMERIC SEGMENTATION 

We have seen that both the earthworm and the cockroach differ from Hydra 

T\ x!T g k meta . mencall y segmented. Such animals show three characteristics. 
(1) The body is more (earthworm) or less (cockroach) completely divisible into 
^cuons called segments or metameres. (a) The different segments are structurally 
n greater or lesser degree similar to one another, and many organs tend to be 
repeated in all or many of the segments (and are then said to be ‘ segment lly 
arranged ) (3) Nevertheless, there is always some degree of speciafition of 

funaion and differentiation of structure among the segments. 

I he habit of moving with one end foremost leads to the development of sense 
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Fig. 53. Sagittal sections through the anterior (. 1 ) and posterior (C) ends of an embryo 

earthworm and a transverse section through the intestinal region (B) (semi-diagrammatic). 

known as cephalisaiion : it is scarcely indicated in the earthworm but is far ad¬ 
vanced in the cockroach. Similarly, the posterior end is distinguished by the anus. 
In some primitive marine worms all the segments between the two ends are nearly 
alike. In the earthworm it is apparent that jnter-segmental differentiation has 
gone further ; the gonads and other internal organs of reproduction are found in 
certain segments only, the clitellum is a specialisation of the body wall in another 
group of segments, the alimentary canal shows regional differentiation, and so on. 
In the cockroach, of course, the process has gone much further still. 

In all mctamcrically segmented animals, the first sign of segmentation is the 
arrangement of the mesoderm as a series of paired mesodermal sacs. Metamcric 
segmentation is thus primarily a mesodermal character. If we examine meta- 
merically repeated organs in such an animal as the earthworm we find, for the 
most part, cither that they arc mesodermal (for example, the longitudinal muscles 
of the body wall, the septa between the segments) or that they in some way serve 
scgmentally distributed mesodermal structures (as nerves, which are derived from 
the ectoderm, are scgmentally arranged because they serve scgmentally arranged 
muscles, while nephridia, which also arc ectodermal, remove excreta from the 
segmental coelomic cavities). 

Metamcric segmentation is found in three great phyla : the Annelida, the 
arthropoda, and the chordata. Assuming, as is reasonably certain, that the 
arthropods inherit their segmentation from annelid ancestors, it has risen twice 
in animal evolution, and in both cases, probably in connection with a mode of 
locomotion involving a certain particular feature. I his is the passage from one end 
of the body to the other of rhythmic waves of muscular contraction, a prominent 
feature in the locomotion of both annelids (p. 57) primitive chordates (e.g. 
fishes, p. 106). Rhythmic movements of this kind are most easily performed in an 
animal whose muscles are divided transversely into sections each of which can 
contract and be controlled as a unit, and hence is likely to occur where the muscles 
develop from the walls of scgmentally arranged mesodermal sacs (as happens in 
ANNELIDA, ARTHROPODA, and CHORDATA). 
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ANIMALS OF GRADE 5: AMPHIOXUS 

The phylum chordata is made up of animals which, while displaying a 
variety of form and structure suggested by the mention of fishes, frogs, snakes, birds, 
elephants and men, nevertheless share a certain basic similarity of organisation 
which is expressed in the universal presence, at some stage in the life history, of the 
three characters : (1) a tubular central nervous system situated dorsally ; (2) a 
notochord (p. 95) ; (3) outpouchings of the pharyngeal wall (the visceral pouches) 
by which, in the adults of more primitive forms and in the embryos of the less 
primitive, its cavity is set into communication with the outer world. 

The members of the phylum chordata are classified into four sub-phyla of 
which only two need concern us. Amphioxus is a member of one of these, the sub¬ 
phylum acrania, while fishes, amphibians, reptiles, birds and mammals are in¬ 
cluded in the sub-phylum craniata, which is by far the largest of the four. The 
craniates are commonly called vertebrates. 

In the following account no attempt is made at an exhaustive description of 
Amphioxus , a member of the sub-phylum acrania ; many features which help 
little or not at all towards an understanding of craniate structure are dealt with 

very briefly or omitted altogether. The early stages in its development are de¬ 
scribed in pp. 361-367. 


External features 

Amphioxus is a small, slender, somewhat fish-like creature, less than two inches 
long, hying in the sea where it spends most of its time buried in sand above which 
only its anterior end protrudes. Both anterior and posterior ends are pointed. A 
cross-section is triangular in the anterior two-thirds of the body, but in the pos¬ 
terior third is oval and pointed above and below. The apex of the triangle is 
formed by the dorsal fin, a delicate fold which extends the whole length of the 
animal. At each end of the base of the triangle is a smaller metapleural fold. The 
metapleural folds meet in the mid-ventral line at the junction of the middle and 

ThT t JU u m fr0nt ° f the,r meedn S is a sma11 mid-ventral aperture, 

trZT J r ° m thejUncUon of the metapleural folds a median ventral fin runs 

fin Tetri 10 r aSSin ! K°T d ^ P0Steri ° r Cnd i$ continuous with the dorsal 
fins Th Z d n lfi - f ° rm n d by 0Ca P° sterior expansion of the dorsal and ventral 

ncar the posterior end > on the ventrai 
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Fig. 55. Amphioxus disscclcd from the right side- 

Mouth and pharynx ; mode of feeding 

Beneath the anterior end is a rounded depression surrounded by a membran¬ 
ous wall, the oral hood. The depression can be regarded as a buccal cavity and its 
aperture as the mouth. The oral hood bears a number of structures called oral 
tentacles. The buccal cavity is closed at its base by a delicate membrane, the velum, 
which is pierced by an aperture and which bears a series of velar tentacles. The 
aperture opens into the pharynx. 

The pharynx is an enormous sac extending for nearly half the length of the 
body. Its side walls are pierced by a very large number of long narrow slits which 
extend from near the middle of the roof of the pharynx obliquely downwards and 
backwards to near the middle of its floor. These are the visceral clefts ; because 
their function in Amphioxus is partly respiratory they are often called ‘ branchial ’ 
clefts or gill slits. The strips of tissue between successive slits are known as gill bars 
or branchial bars. Running the length of the floor of the pharynx, mid-ventrally, is 
a deep groove, lined partly by cells with long cilia and partly by mucous-secreting 
cells. This is the endoslyle (Fig. 56). At its anterior end a band of ciliated cells runs 
from the endostyle dorsally around the wall of the pharynx just behind the velum. 
These peri-pharyngeal ciliated bands meet one another in the mid-dorsal line, and are 
continued backwards mid-dorsally along the roof of the pharynx by a ciliated 
epipharyngeal groove as far back as its opening into the oesophagus. 

Amphioxus feeds on microscopic animals and plants and obtains them by draw¬ 
ing a current of water through its mouth, into its pharynx, and out through its gill- 
slits. The current is set up principally by the beating of cilia which cover the 
anterior and posterior faces of the gill bars. The function of the endostyle is to 
secrete mucus which is then driven, by means of cilia, up the pharyngeal wall, 
where it forms a thin covering over the gill bars between the bases of the cilia. As 
the water passes over the gill bars and through the gill slits, tiny suspended particles, 
the microscopic life of the sea, become entangled in the mucus. The cells lining 
the internal faces of the gill bars bear especially long cilia and these waft the mucus 
with the entangled food particles dorsally along the gill bars to the epipharyngeal 
groove, along which they are driven backwards into the oesophagus. 

The atrium 

When the visceral clefts are first formed in the larval Amphioxus they open 
directly to the exterior (as they do in the dogfish). Soon, however, the meta- 
pleural folds appear, and from each of these there develop a horizontal shelf. The 
shelves meet and fuse with one another, enclosing a space between themselves and 
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the body wall, into which the visceral clefts open. This space is the atrium ; it 
opens to the exterior by a single posterior opening, the atriopore (p. 93). The 
atrium is lined throughout by ectoderm and has, of course, nothing to do with 
the coelome or any other body cavity. The water current which enters the animal 
by the mouth, after traversing the pharynx, reaches the exterior again through 
the atriopore. 

The oesophagus and intestine 

The alimentary canal is continued behind the pharynx by a short oesophagus 
which soon enlarges, becoming the intestine, from the anterior end of which is 
given off the mid-gut diverticulum, or digestive gland. Behind this the intestine con¬ 
tinues back to the anus. In craniates the food is moved along the alimentary 
canal by the action of muscles in its wall, but in Amphioxus these muscles are 
absent or very poorly developed and the food is moved by ciliated cells, tracts of 
which occur along the whole length of the gut. 

The perivisceral cavity 

The true body-cavity, that is, the cavity in which lies the alimentary canal 
behind the pharynx, is a coelome. 


myotomes 


Skeleton and muscles 

The most important part of the skeleton is the notochord , a stiff but pliable and 
elastic rod which extends in the dorsal body wall between the extreme anterior and 
posterior ends just dorsal to the alimentary canal and body cavity. It is made up 
of a senes of disks enclosed in a structureless notochordal sheath, like a pile of pennies 
wrapped in paper. Each disk is a 
cell containing a very large swollen 
vacuole, like a turgid plant cell. 

The notochord derives its mechan¬ 
ical qualities from the turgidity of 
its cells, held together by the ten¬ 
sion-resistant notochordal sheath. 

Skull, jaws and vertebral column 
are all absent. 

Dorsal to the notochord is the 
central nervous system, which is 
described below. To either side of 
the notochord and central nervous 
system is a great mass of muscles, 
which causes the body wall to be 
much thicker dorsally than ven- 
trally. This is characteristic of 
practically all chordates, and helps 
to distinguish them from the inver¬ 
tebrates in which the body wall is 

n^' ra On "p^T&gh^S 

muscles are arranged in about sixty n 2'- ocornmata and br *nchial clefts be- 

y cause of the oblique arrangement of these structures. 
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blocks, each block being called a myotome. Since the myotomes are derived each from 
one of the segmental mesodermal sacs (p. 92) of the embryo, the muscular sys¬ 
tem shows metameric segmentation. Each myotome is bent in the form of a <, 
(Fig- 54) "‘th the apex forwards, and the convex face of each fits into the concavity 
of the one in front. Because of this arrangement, bits of a number of myotomes are 
seen on each side of a transverse section of the animal. Each myotome is enclosed 
in a connective tissue sheath and this sheath is continuous with : (a) a sheath of 
connective tissue which underlies the epidermis ; ( b ) a median vertical sheet in 
which are embedded the notochord and the central nervous system ; (c) a sheet 
which lines the body-cavity ; further, the anterior wall of the sheath of each 
myotome is continuous with (or, more exactly is identical with) the posterior wall 
of the next in front. These anterior and posterior walls of the myotome sheaths 
are known as myocommata (sing, myocomma). Thus, the whole body-wall has a 
connective tissue frame-work in which are embedded the muscle masses ; when 
a myotome contracts it pulls on its own connective tissue sheath and, through this, 
on the whole connective tissue framework of the body. Amphioxus swims in a 
manner resembling that described on p. 106 for the dogfish. 


The nervous system 

The central nervous system has the form of a tube. It lies dorsal to the noto¬ 
chord and extends from a little behind the anterior end of the notochord nearly 
to the posterior end. Its cavity is the central canal , or neurocoele. There is no en¬ 
largement to form a brain, but at the 
anterior end the central canal becomes 
wider, and this part of the central nerv¬ 
ous system is known as the cerebral vesicle. 

Black spots scattered along the length 
of the central nervous system are light¬ 
perceiving organs, each consisting of a 
nerve cell which is light-sensitive, and a 
pigment cell. A black spot at the anter¬ 
ior end of the central nervous system 
seems not to be light-sensitive. 

The peripheral nervous system consists 
of two pairs of sensory nerves entering 
the cerebral vesicle from sense organs 
at the anterior end of the animal, and 
of a series of paired, segmentally ar¬ 
ranged, spinal nerves. There are for 
each segmental region of the body, on 
each side, a sensory and a motor nerve. 
Each sensory nerve enters the dorsal 
part of the central nervous tube as a 
single bundle of nerve fibres coming in 
a myocomma from the skin. The motor 

Fig. 57. Diagram of the anterior end of nerve leaves in several bundles from 
Amphioxus to show the central nervous system, ^ more ventral part of the tube, and 

the peripheral nerves, and the relation of T . ._. „ 

these to the epidermis and myotomes. g oes a myotome. In vertebrates, 
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the sensory and motor bundles combine on each side in each segment to form a 
single pair of mixed nerves each with distinct dorsal and ventral roots, but in 
Amphxoxus this does not happen, the two roots remaining separate. Another point 
of difference from the vertebrates is the absence of ganglia on the sensory nerves. 

1 here is also an autonomic nervous system, consisting of two networks of nerve 
cells in the gut wall ; these plexuses are connected with the spinal cord by nerve 
fibres running in the dorsal nerves. 

The blood-vascular system 

The blood is contained in blood vessels. It differs from that of vertebrates in 
lacking haemoglobin, so that it is colourless, and the vessels differ from the vascu¬ 
lar systems of vertebrates in that there is no heart and in the vessels not being 
distinguishable by structural differences into arteries, capillaries and veins. 
Nevertheless, the vessels are arranged on a pattern which is fundamentally like 
that seen in the lower vertebrates, and the vessels are correspondingly named. 

Runnmg forwards in the floor of the pharynx, below the endostyle, is a vessel 
called the ventral aorta ; this gives off a series of paired branches which pass 
dorsally in the gill bars. These are the arterial arches. It is probable that, as the 
blood passes through the gill bars in the arterial arches it surrenders carbon di- 
ox.de to, and receives oxygen from, the water going through the gill slits. At their 
™ l e " d * the ^terial arches open, on each side, into a lateral aorta or lateral dorsal 
Tnhlltr la, ^ ral 1 aor,a P asses forwards into the anterior end of the 

an rLlrmT ' T*’ A P ° St T° r Cnd ° f the the ^eral aortae 

below thl ^ f mcdian ^ cssel > the dorsal aorta, which runs backwards just 
elow the notochord, giving off branches to the gut and other organs. In the^ail 

a r- biood from thc - ai ^ vessel» 

capilianes iff the gut wall ,s collected into a sub-intestinal vein (really a plexus 
of anastomosing v^sels rather than a single tube) and this runs forwards tothl 
d^snve gland, where it breaks up once more into a network of"caoi laries’ 
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back from the tail by a caudal vein which continues forwards into the sub-intestinal 
vein. From the body wall, blood is brought away on each side by a pair of 
anterior and a pair of posterior cardinal veins. The anterior and posterior cardinal 
veins of each side become confluent at about the level of the posterior end of the 
pharynx, and from their junction on each side a vessel called the Duct of Cuvier 
runs down to open into the junction of the hepatic vein with the ventral aorta. 

Readers who have already studied the vessels of the dogfish, or of the embryos of 
higher vertebrates, will readily recognise a close similarity between the arrange¬ 
ment of these vessels in Amphioxus and of the principal arteries and veins in the 
higher forms. 

In the absence of a heart, the blood is caused to circulate by peristaltic con¬ 
tractions of the walls of several vessels ; the hepatic veins, the ventral aorta, and 
little swellings called bulbilli at the bases of the arterial arches. The flow of blood 
is forwards in the sub-intestinal and hepatic veins, dorsalwards in the arterial arches, 
and posteriorly in the lateral and dorsal aortae. In the cardinal veins it is towards 
the Duct of Cuvier, and in these to the ventral aorta. The direction of flow is thus 
as in vertebrates. 


The reproductive system 

The reproductive organs consist of a series of about twenty-six mctamerically 
arranged pairs of gonads, ovaries or testis as the case may be, found in the ventro¬ 
lateral part of the body-wall in the region of the pharynx. When ripe, the sper¬ 
matozoa or ova are liberated through the atrium to the exterior. Unlike the 
vertebrates, Amphioxus has no reproductive ducts. 


Affinities of Amphioxus 

That Amphioxus is a member of the phylum chordata is put beyond doubt by 
its possession of the three fundamental chordate characters : notochord, hollow 
dorsal nervous system, and perforated pharynx. Besides these, it resembles the 
vertebrates in its segmented musculature, most strongly developed in the dorso¬ 
lateral part of the body, and in the general lay-out of the blood vessels. On the 
other hand it differs from the vertebrates in a great many other important respects, 
such as the absence of limbs, brain, heart, skull, jaws, and vertebral column, 
and in the peculiar excretory system which recalls certain invertebrates. Amphioxus 
is not intermediate between invertebrates and the chordata ; it is a true 
chordate, but a very primitive one, derived from a stage in t*? ' cvol " t !®" ‘” 
the phylum long before the origin of the fisher. It .. also a h.ghly specahsed 
animal with many peculiarities which (like the oral hood, cm, velum ve ar 
tentacles, and perhaps the great number of its gtll slits) may be connected w ,h 
its peculiar mode of life, half-buried in sand, and its manner of getting food as a 

sort of animated filter. 



CHAPTER XII 


ANIMALS OF GRADE 5 : THE DOGFISH 

Our first example of the cranlata is the dogfish ( Scylliorhinus canicula). This 
animal is chosen because, although a fish and therefore very different from a man, 
it shows in relatively simple form the fundamental principles which underlie all 
the immense anatomical diversity seen among the craniates. 

External features 

The dogfish is a marine animal. Its stream-lined form reduces resistance to 
to the water and so makes for easier and speedier swimming. The head is flattened 
dorso-ventrally and is joined to the trunk without any intervening neck. On each 
side is an eye. A little behind the anterior end, on the ventral side, is the mouth ; 
the nostrils or nares open to the exterior a little in front of the mouth to which each 
is joined by a groove, the oro-nasal groove. 

Just behind the eye on each side is a small aperture, the spiracle , and behind 
this again are five vertically elongated slits, the gill slits or branchial clefts. The 
spiracle and the five gill slits constitute, the sue visceral clefts (see below). 

There are a number of fins. Some of these are unpaired structures, set in the 
mid-line ; thus in the region of the tail there are anterior and posterior dorsal fins , a 
caudal fin which extends round the tail from the dorsal to the ventral sides, and a 
single unpaired ‘ anal ’ fin on the ventral side of the tail. A striking difference 
from Amphioxus is the presence of paired limbs ; the anterior or pectoral and the 
posterior or pelvic fins. The former are much .the larger ; they are situated just 
behind the last gill slit. The pelvic fins are attached to either side of the vent. 
Both pectoral and pelvic fins are of roughly triangular form. 

Between the pelvic fins is a medial groove, the cloacal groove, into which opens 
a chamber, the cloaca, which receives the urinary and genital ducts as well as the 
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alimentary canal. The term anus is used of the posterior opening of the alimentary 
canal when it is distinct from the urinary and genital apertures, as in man. On 
each side of the cloacal groove a small slit, the abdominal pore , opens into the body 
cavity. 

In female fishes the two pelvic fins remain separate, but in males their posterior 
ends arc joined and each bears projecting backwards from behind the cloaca a 
rod-like and grooved process, the clasper , the function of which is described on 

p. 122. 

A relatively pale line runs along each flank from a little above the eye to the 
tip of the tail. This is the lateral line ; beneath it is a small canal which contains 
sense-organs called neuromasts (p. 131) and which here and there opens on to the 
lateral line by a pore. The lateral line continues forwards into the head and there 
divides, one branch passing above and the other below the eye. In the region of 
the head there are to be found many groups of pores which exude mucus when 
pressed ; these are the apertures of the ampullary sense-organs (p. 131). 

The skin 

In all cr an 1 at a the skin consists of two components : an outer ectodermal 
epidermis and an inner mesodermal dermis or corium. In the dogfish the epidermis 
is several or many cells thick ; its basal cells have a columnar or polyhedral form 
while those more superficially situated tend to be flattened. Many epidermal 
cells become specialised as gland cells secreting mucus which lubricates the surface 
of the fish. The dermis consists of areolar connective tissue (p. 323). Embedded 
in the skin arc placoid scales. These are hard structures with sharp, backwardly 
sloping points which pierce the epidermis. Each consists of the basal plate made 
partly of a bone-like tissue called cement , and of the denticle. The basal plate is 
pierced by a hole leading into a cavity in the denticle called th c pulp cavity , which 
contains connective tissue with blood and nerve supply. The greater part of the 
denticle consists of a hard material called dentine which is pierced by innumerable 
very fine tubules running from the pulp cavity and containing long processes of 
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cells called odontoblasts which lie in this cavity and deposit the dentine. Forming 
the sharp tip of the denticle and a superficial covering over the dentine is a third, 
extremely hard material, the enamel. In the formation of a placoid scale an 
accumulation of cells appears in the dermis just beneath the epidermis. The more 
superficial cells of the accumulation become odontoblasts and deposit dentine 
between themselves and the epidermis. Meanwhile, the overlying epidermis thick¬ 
ens, and its deepest cells deposit enamel upon the dentine being formed beneath 
them ; these enamel-forming cells are called ameloblasts. The cement is formed 
from surrounding cells of the dermis. Notice that the dentine and cement are 
of mesodermal, the enamel of ectodermal origin. 

Around the margins of the mouth the skin is continued over the ‘ lips ’ and 
lines the inner aspects of the jaws. Placoid scales are developed in this inturned 
skin as they are elsewhere, but here they become especially large and are, in fact, 
teeth. In all craniata the teeth have the characteristic structure of placoid scales 
and develop in essentially the same way. There can be little doubt that teeth 
originated in evolution as locally specialised placoid scales (as we see them in the 
dogfish) and were retained in the buccal cavities of higher forms after the general 
covering of placoid scales was lost by our remote ancestors, and then as teeth 
underwent further specialisation. 


The alimentary canal 

The buccal cavity. The mouth opens into the buccal cavity, on the floor of which 
is a flat, cushion-like structure, the so-called tongue ; it is not freely movable, in 
this and other respects differing from the tongues of higher vertebrates. The roof 
of the buccal cavity is formed by the floor of the skull. At least a large part of the 
buccal cavity is lined by ectoderm and is therefore a stomodaeum (p. 59). 

In the dogfish the teeth are all of one kind, sharply pointed and sloping back¬ 
ward, for the prey is swallowed whole, and the teeth have as their function to seize 
and hold it. They are not attached to the jaws, but are simply embedded in the 
skin like other placoid scales and, like them, are regularly lost and replaced as 
needed, new ones being formed in a groove behind the jaw. 

The pharynx. Posteriorly the buccal cavity passes insensibly into the pharynx, 
the boundary between the two being regarded as just in front of the spiracle. The 
pharynx is lined by endoderm. During its development there grow out from it on 
each side six pouches, the visceral pouches. Meeting the ectodermal covering of the 
body, the visceral pouches break through it, and then open both into the pharynx 
and to the exterior. All except the first are wide chambers, the five branchial 
pouches, the walls of which bear gills (p. 114). The first visceral, or hyoid, pouch 
becomes a narrow tube, the spiracle, which opens to the exterior just behind the 


Oesophagus, stomach, intestine. At the posterior end of the pharynx the gut 
narrows as the oesophagus, which passes backwards into the body cavity (the peri- 
™ P^eal cavity, p. tog), and there expands to form a very large 
P ThC ai T n ° f Ac U into which the oesophagus openV is the 

ofSrfish cra n h < V lC lI St fiT aC 5 “ distensible, and usually contains remains 

arm is^he U sh fishes > T '-’ whlch have recentl V been devoured. The second 

Stomach > il ends at a slight.con- 

stnction, the pylorus. There is here a ring o* sphincter muscle which when con- 
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traded closes the entry into the intestine ; it relaxes to allow the passage of food 
when its digestion in the stomach has been completed. Beyond the pylorus comes 
the intestine, the first part of which is the short and rather narrow duodenum. This 
expands into the longer and wider ileum, the wall of which is raised internally into a 
fold called the spiral valve which resembles a spiral ramp in a tower ; its presence 
increases the surface for the absorption of digested food, so functionally resembling 
the typhlosole of an earthworm. Behind the ileum the intestine narrows again as 
the rectum which opens into the cloaca. 

Liver, pancreas, rectal gland. The lining of the gut is glandular, its cells producing 
digestive juices ; but in addition there are three other important glandular organs ; 
the liver, pancreas and rectal gland. 

The liver is a very large brownish structure attached at the anterior end of the 
body-cavity and divided into two large lobes which extend backwards with a 
smaller lobe between them. Among its several functions the liver produces bile 
which is stored in a sac, the gall bladder, in the median lobe. From this a narrow 
bile-duct runs off posteriorly and empties into the intestine at the posterior end of 
the duodenum. The bile duct receives tributaries from the lobes of the liver, and 
it is through these that the bile reaches the gall bladder. 

The pancreas is an elongate pinkish-white gland lying dorsally to the pyloric 
limb of the stomach. Its duct, the pancreatic duct opens into the duodenum just 
before it widens to form the ileum. 

The rectal gland is a small, sausage-shaped body attached by its duct to the 
dorsal side of the rectum. Its function is unknown. 

The body cavities and mesenteries 

In the earthworm the coelome is identical with the segmented perivisceral 
cavity. In the dogfish it gives rise to both the perivisceral cavity and to the peri¬ 
cardial cavity (which encloses the heart, p. 115) ; neither cavity is segmented. 
1 he : coelomic membrane which lines the perivisceral cavity and covers the surface 
of the viscera is known in vertebrates as the peritoneum , while that lining the peri¬ 
cardial cavity and covering the heart is the pericardium. The pericardial cavity 
lies just in front of the peritoneal cavity ; the two are separated by a tough wall 
the septum transversum, which is pierced by a canal connecting them. 

It is important to understand that the abdominal viscera are not ‘ in ’ the 
pentoneal cavity, nor the heart ‘ in ’ the pericardial cavity ; but that the various 
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organs are enfolded or enclosed by these cavities much as the tea in a thermos 
flask is enclosed by, but is not in, the space between its double walls. 

The gut is suspended from the roof of the peritoneal cavity by a connective 
tissue membrane, the mesentery , which is covered by the peritoneum (Fig. 62). 
In Fig. 62 the gut is shown as a straight tube attached by the mesentery through¬ 
out its length ; this is obviously a gross over-simplification for the gut is not a straight 
tube and in the dogfish the mesentery is in fact present only at its anterior and 
posterior ends, supporting the oesophagus and stomach and the rectum. Else¬ 
where, different parts of the gut are bound to one another by membranes called 
omenta (sing, omentum ), which are really parts of the incomplete mesentery. 

4 

Mechanical framework and muscles 

From a functional point of view the mechanical framework of all craniates has 
two components : (1) fibrous connective tissues (p. 323), sheets or cords of tough 
inter-lacing fibres which are strongly tension-resistant, (2) cartilage (p. 330) and 
usually bone (p. 332), both strongly pressure-resistant tissues, while bone is also 
strongly tension-resistant. The dogfish and its allies are exceptional in lacking 
bone, save in the basal plates of the placoid scales and teeth (if cement is a form 
of bone). There are reasons for believing that this is a secondary condition, the 
dogfish being descended from ancestors whose skeletons were partly bony. 

Fibrous skeleton, myotomes, and locomotion 

The first connective tissue sheet to be mentioned is the dermis of the skin, 
which gives the skin much of its toughness. A second very similar sheet lies just 
beneath the peritoneum. A median vertical sheet connects these two ; in it is 
developed the cartilaginous spinal column, the great pressure-resistant axis of the 
animal. The space on either side of the vertical sheet, bounded by the dermis 



Fig. 63. Trunk muscles of the dogfish and muscles of the pelvic fin, as seen after removal 

of the skin. 




















ANIMALS OF GRADE 5 ; THE DOGFISH 

externally and by the peritoneum internally, is filled 
with the great mass of muscles by which the dogfish 
swims. This muscle layer is much thicker dorsally 
than ventrally, a fact which we have already noticed 
in Amphioxus and which is to be connected with the 
dorsal position of the notochord and spine, upon 
which the muscles pull. If a dogfish be skinned, the 
muscles will be seen, in surface view, to be arranged 
in a series of zig-zag bands running from the mid¬ 
dorsal line to the belly, a complication of the ar¬ 
rangement seen in Amphioxus. As in Amphioxus , again, 
these segmentally arranged muscles are called myo- 
tomes , and each myotome is encased in a connective 
tissue sheath. The sheath is continuous with the 
dermis externally, the sub-peritoneal connective 
tissue sheet internally, and the vertical sheet medi¬ 
ally. The part of the sheath which covers the anterior 
face of the myotome also, of course, covers the 
posterior face of the one in front. These intermyoto- 
mal walls are called myocommata (as in Amphioxus). 

Where they intersect with the dermis they make the 
zig-zag lines. 
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Fig. 64. Cross-section of a 
dogfish in the caudal region 
showing the cones of the myo- 
tomes cut transversely. 


I he myotomes are complicated in two ways by comparison with those of 
^™P hl0 ™ s - Jirst, each is bent in a zig-zag instead of a V. Secondly, beyond the 
apex of each of the several V’s of which the zig-zag is composed, each myotome is 
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^ 1 cxtin S ulshers - J n a transverse section of a dogfish (or other fish) 
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Fig. 66 . Diagram showing the curvatures, alternately to the right and left, which pass 

antero-posteriorly along the body of a swimming dogfish (traced from photographs by 

J. Gray). 

sheets of connective tissue which are cross sections of the zig-zag myocommata, 
while the concentric circles are the cones of successive myotomes fitting into one 
another. 

When the myotomes contract they pull on the whole connective tissue frame¬ 
work into which they are inserted, that is, on the myocommata, dermis, sub- 
peritoneal and median sheets of connective tissue, each tending to shorten its side 
of the fish. Running in the median sheet is the pressure-resistant spinal column. 
It cannot be made shorter, but it can be pulled into a curve. If it were absent, 
the animal would crumple whenever its muscles worked, and if it were not pliable 
the swimming movements could not occur. 

The swimming movements of fishes are complicated and cannot here be 
described in detail. Waves of contraction pass through the myotomes along the 
trunk and tail from in front backwards, alternately on the right and left sides. 
Hence, curvatures to right and left follow one another along the length of the trunk 
and tail. In the course of these movements a push is exerted on the water in 
diagonal directions alternately backward to the right and backward to the left. 
The rearward components of the force exerted drive the fish fonvard. Most of 
the push is exerted by the expanded tail which acts in somewhat the manner of a 
single oar propelling a boat from astern. 

The hard skeleton 

Functionally, the soft connective tissues are as much a part of the skeleton as 
its cartilaginous or bony components ; but it is usual for the term to be restricted 
to these last. The skeleton of the dogfish is made up of the following parts ; the 
vertebral column or spine, the cranium or brain case, with associated sense capsules, 
the ‘ visceral ’ skeleton (that is, the jaws and the skeleton of the pharynx), and the 
skeletons of the fins. All these parts are cartilaginous, for the dogfish has no bone 
(apart from the basal plates of the placoid scales). 

The Vertebral Column 

In the dogfish, as in all chordates, a notochord is formed in the embryo, in the 
median connective tissue sheet a little dorsal to its intersection with the perito¬ 
neum ; but in the adult, as in nearly all vertebrates, it no longer acts as the 
pressure-resistant axis of the body, its place being taken by the vertebral column 
or spine. This consists of about 130 vertebrae arranged one behind the other. 
In the trunk region, each consists of two parts, the centrum and the neural arch ; in 
the tail there is in addition a haemal arch. The centra lie in the position originally 
occupied by the notochord. Each is cylindrical and deeply concave at its 
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Fic. 67. Vertebrae of the dogfish. 


anterior and posterior ends, the two concavities being connected by a narrow 

canal, like an hour-glass. Such biconcave centra are said to be amphicoelous. 

The biconvex space between each pair of centra, and the narrow canal just 

mentioned, are filled with a gelatinous tissue, the remains of the notochord. 

It is the rod formed by the series of centra which performs the principal function 

of the vertebral column, that of resisting, but curving under, the pull of the mvo- 
tomes. 7 

The neural arches of the vertebrae form together a long tunnel in which lies 

the spinal cord. It is made up of neural and inter-neural plates forming the walls of 

the tunnel and of supradorsals forming its roof, while its floor is the centrum 

('igs. 07, 71). Each centrum does not lie opposite a myotome on each side 

but opposite a myocomma ; it is thus not segmental but intersegmental in 
position* 

In the trunk region each centrum is continued, ventro-Iaterally, into a pair of 
short transuerse processes (which are distinct from the similarly named structures in 

Ls aChCd l ° CaCh ^ a SlCnder and lon S er process, the rib, which 

bedded . m the P i y° com ma. In the tail the vertebrae resemble those in the 
trunk except in one important respect : there are no ribs, and the transverse pro- 
cesses of opposite sides meet and fuse below the centra, forming haemal arches 
which enclose a canal in which run the caudal artery and vein. * 

The skull 
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Fig. 68 . Cranium of the dogfish. 


anterior and posterior expansions are caused by the attached olfactory and auditory 
capsules , enclosing respectively the olfactory organs and the ‘ ears and the nar¬ 
rower waist by the indented orbits which in life house the eyes. The roof is 
pierced, towards the anterior end, by a large hole, the fontanelle, and near its 
posterior end by two small holes close to the mid-line, for the outward passage 
of the endolymphatic ducts (p. 132). A very large hole in the posterior wall of the 
cranium is the foramen magnum, through which issues the spinal cord. A foramen 
(pi. foramina) is a hole through cartilage or bone transmitting a nerve, blood vessel, 
or other structure. A rounded projection on either side of the foramen magnum 
is the occipital condyle which in life makes a joint with the first vertebra. This 
joint permits very little, if any, movement between the head and the trunk. Ridges 
on the auditory capsules, indicate the position within it of two of the semicircular 
canals (p. 132). A groove on the lateral aspect of each auditory capsule is occupied 
in life by a vein connecting the anterior cardinal and orbital blood sinuses (p. 120). 
At the bottom of a little pit close to the posterior end of the groove is a foramen for 
the exit of the ninth cranial nerve, and just lateral to each occipital condyle one 
for the tenth nerve. The eighth nerve passes from the cavity of the cranium into 
that of the auditory capsule and has therefore no opening on the surface. The 
orbit is in front of the auditory capsule and is bounded above by a supra- and 
below by an infra-orbital ridge. Within the orbit the cranial wall is pierced by a 
number of foramina through which pass nerves and other structures as indicated 
in Fig. 71. In front of the orbit comes the antero-lateral expansion caused by the 
fusion to the cranium of the two olfactory capsules. On their ventral aspects 
these are open ; through the openings the nostrils communicate with the ol¬ 
factory organs within them. The cavities of the two capsules are separated from 
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one another by their common median wall, a 
vertical plate of cartilage called the meselhmoid 
cartilage or nasal septum. Projecting forward 
from the anterior end of the cranium are three 
little rods of cartilage called rostral cartilages , 
because they support the extreme end or rostrum, 
of the animal. Behind the olfactory region the 
floor of the cranium is flat and in life is also the 
primary palate, the roof of the buccal cavity. 

Towards its posterior end a pair of grooves in the 
cartilage converge anteriorly to meet at a fora¬ 
men ; in life the internal carotid arteries (pp. 117-8) 
occupy the grooves and pass through the foramen 
to supply the brain. There is another foramen 
at the posterior end of each groove through 
which the orbital artery (p. 118) passes on its way 
to the orbit. 

The visceral skeleton. The visceral skeleton 
includes the jaws and the skeleton of the 
pharynx. 

There is mesoderm between the endodermal lining of the pharynx and the 
superficia 1 ectoderm. When, in the embryo, the visceral pouches grow out from 
the pharynx and meet the ectoderm, they cut through this mesoderm, dividing 
it into a senes of bars of tissue which run, like inverted arches, from the ventral 
aspect of the pharynx up its sides, between the pouches. There are seven of these 
mesodermal visceral arches : a most anterior one called the mandibular arch between 
the mouth and the spiracle, a hyoidean arch between the spiracle and the first 

oourht w e ?i- an 2 th t firs 7° fifth *»«*■' «*« behind the five branchial 
pouches. Within these bars of mesoderm there develop certain important organs 

which arc “" cd thc sk " c,al ™' ,a ‘ 

lying behind the second branchial pouch, will serve to illustrate their structure.’ 

It consists, on each side, of 
four rod-like cartilages con- 


Fig. 69. Diagram to show, in an 
embryo, the relation between the 
mouth and visceral pouches (whose 
positions are indicated by the vis¬ 
ceral clefts) and the mesodermal 
visceral arches. 
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Fig. 70. Thc right second branchial arch of a dogfish. 


nected by joints. The upper¬ 
most, lying dorso-laterally, 
in the roof of the pharynx 
and sloping downwards and 
forwards, is called the pha- 
ryngo-branchial cartilage. At 
its lower end it is jointed to a 
shorter cartilage, the epi- 
branchial, which slopes down¬ 
wards and backwards and 
connects below with the cera- 
to-branchial, which extends 
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downwards and forwards, meeting the hypo-branchial , which runs downwards and 
backwards, beneath the floor of the pharynx. At its lower end the hypo-branchial 
of each side is joined to a single rather elongated plate of cartilage, the basi-branchial, 
in the mid-ventral line below the pharynx. The lowermost segments of all the 
branchial arches, except the first, are joined to the basi-branchial. 

The other branchial arches resemble the second in essentials (Fig. 71). The 
first pair stand, not on the basi-branchial, but on a cartilage in front of it, the 
basi-hyal (see below). 

The branchial arches lie in the septa between the branchial pouches (inter- 
branchial septa), and arising from the epibranchials and cerato-branchials are a 
number of narrow cartilaginous rods, called branchial rays, which extend outwards 
into the septa and support them. They are absent from the fifth arch. 

Besides the cartilages mentioned, there are on each side three curved and 
flattened rods, called exlra-branchials, lying outside the cerato-branchials of the 
second, third and fourth branchial arches. 

The visceral pouch in front of the first branchial pouch is the spiracle and this 
was in the ancestors of the dogfish a branchial cleft like those behind it. We 
should therefore expect to find behind it a skeletal visceral arch resembling a 
branchial arch, and the expectation is fulfilled. This hyoid arch, as it is called, con¬ 
sists on each side of two cartilages, the hyomandibula and the cerato-hyal, and there 
is a median ventral basi-hyal. The pattern of its structure obviously resembles that 
of the branchial arches, with certain modifications. The most important of these 
are connected with the specialisation of the hyoid arch in connection with the 
support of the jaws. The short and stout hyomandibula is jointed with the skull 
on the ventral aspect of the auditory capsule and is attached to it by ligaments, 
while to its lower extremity are attached by ligament the upper and lower jaws. 
Thus the jaws are attached to the skull through the hyomandibula, an arrange¬ 
ment described as hyostylic. The median basi-hyal is a flat plate lying in the floor 
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Fig. 71. Anterior part of the dogfish’s skeleton. 
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Fic. 72. Diagrams illustrating 
the probable origin of the jaws in 
evolution. A y The mouth, visceral 
pouches and visceral arches in prim¬ 
itive jawless vertebrates (Agnalha) ; 
By The first visceral arch becoming 
bent around the enlarged mouth ; 
Cy The condition in the dogfish. 


of the buccal cavity and supporting the tongue. 

It has attached to it not only the cerato-hyals but 
also the hypo-branchials of the first branchial 
arch. 

The upper and lower jaws arc each made up 
of two cartilages, the upper jaw of the two large 
and stout palato-pterygo-quadrate (more shortly, 
palato-quadrate ) cartilages and the lower jaw of the 
two Meckel's cartilages . The two palato-quadrates 
meet one another in the mid-line in front and so 
do the two Meckel’s cartilages. The palato- 
quadrato of each side is bound to the cranium 
above it by ligaments in front of and behind the 
orbit, but is not more directly attached to it. Each 
Meckel’s cartilage, at its posterior end, makes a 
movable joint with the palato-quadrate so that 
the lower jaw, by hingeing on the upper jaw, 
opens and closes the mouth. As already stated, 
both upper and lower jaws are at their posterior 
ends bound to the hyomandibula by ligament. 

Two pairs of cartilages have still to be men¬ 
tioned. These are the labial cartilages , of which 
one pair lies just external to the palato-quadrates 
and the other pair just external to Meckel’s car¬ 
tilages, near the angle of the mouth. They resemble the extra-branchial cartilages 
already mentioned. 

The jaws encircle the alimentary canal in front of the hyoid and branchial 
archra much as these do further back, and they develop from the mesodermal 
mandibular arch which lies behind the mouth just as the hyoid and branchial 
arches do from similar arches behind the visceral pouches. Morphologically, the 
jaws are thus a most anterior visceral arch modified, even more than the hyoid is 
in connection with special functions. Now, there was in the very remote past’ 

call id Znnlha* 5 ® ^ existed * a lar 8 e ^ ou P ^h-like craniates 

called Agnatha , they had rounded mouths and branchial pouches but no jaws 

th^thiT 51 CC tTu y mcIuded the ancestors of modern fishes, and it is supposed 

heram' h ? ° f fish f came mto ex,stence when the most anterior branchialarch 
became bent around a mouth the gape of which was increasing (probably by the 

bccominTr ‘"I 0 , 11 T antenor visceral Pouch on each side), its doLl part 
each^de palato-quadrate cartilage and its ventral part Meckel’s cartilage^ on 

The appendicular skeleton 

medTan fi r' ndlCUlar Skele '° n ******* —t™ supporting the paired and 

5kk “ w - 

The pM girJU consists of a bar of cartilage on each side, embedded almost 
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Fie. 73. Pectoral girdle and the skeleton of the pectoral fin of the dogfish, dorsal aspect. 


vertically in the body wall, the two bars being fused together in the mid-ventral 
line. Dorsally, each bar tapers to a point, extending round to the dorso-lateral 
parts of the body. Ventrally, the conjoined bars give off anteriorly a flat plate, 
concave above, which lies just below the heart and supports it. A little less than 
half-way from the mid-ventral line to the pointed tip there are on each side three 
little facets with which articulate the three basalia of the fin skeleton (see below). 
The part of the girdle ventral to these facets is the coracoid portion , that dorsal to 
them the scapular portion. The pectoral girdle has several functions : (1) it provides 
a supporting base for the fin to work against ; (2) muscles working the fin are 
attached to it ; (3) some of the myotomes of the trunk are attached to it ; (4) 
muscles pass from it to the lower jaw, opening the mouth, and to the hyoid and 
branchial arches, depressing the floor of the pharynx (see p. 115) ; (5) it supports 
and protects the heart. 

The pelvic girdle is a transverse bar of cartilage embedded in the ventral body- 
wall. It is formed by the fusion in the mid-ventral line of two originally separate 
right and left halves, the ischio-pubic bars. At each end the girdle ends in a blunt, 
slightly up-turned process, the iliac process , projecting above a facet, the acetabular 
facet , with which the basal cartilage of the fin articulates. 

The principle on which the pectoral and pelvic fins are built is the same in each. 
Supporting the basal parts the pectoral fin has three, and the pelvic fin a single 
elongate, basal cartilage {pterygium) , and beyond the basals in both is first a series of 
radial cartilages and next of closely set polygonal cartilaginous plates. These various 
cartilages fit together like the pieces of a mosaic. The fin moves as a whole, 
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Fig. 74. Pelvic girdle and skeleton of posterior fin and clasper of a male dogfish. 

worited by muscles arising from the girdles above and below the fin bases and 
attached to the fin cartilages dorsally and ventrally. The dorsal muscles raise, 

Zt C y, ent ^ de P ress > the There is little development of a musculature 
between the different parts of the fin, such as is so greatly developed in the land 

I^he'r The 1 ^ movement of the parts of the fin upon one 

another The peripheral part of the vane of the fin is supported by long slender 

facSVnhe fin'fndTo’ '*** *" dcVeI °P ed in the dermis <*** skin on both sur- 
laccs o1 the fin and so are present m two closely apposed sets which at the base 

somewhat overlap the cartilaginous parts. ^e base 

The respiratory system 

J reall ] in S ; internal and external respiration. There is only one way in which a 

£gr ba-s “it 

rv 2 

water as the case mav be tL, ? ^n-rich medium, air or 

This is breathing. Secondly oxygen^ takln C ° ntaCt , VV1 ^ the ^piratory surface, 
by the blood passing through the wall* of th ^ dloxide surrendered, 

r “- -'«* btacd £E£Z a 3Z, S™ 
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Fig. 75. The gills folds of the fourth hcmi-branch, exposed by removal of the first inter- 

branchial septum. 


from it and use it to oxidise food-stufTs, while the carbon dioxide formed in this 
process passes into the blood. This is internal respiration. 

In the dogfish the respiratory surface is provided by the gills, each of which 
consists of a series of folds of the thin membrane lining a branchial pouch. The 
folds radiate from the inner edge of each inter-branchial septum to its outer edge. 
They are richly supplied with capillary vessels containing deoxygenated blood 
and this is separated from the water in the branchial pouch only by the lining 
membrane of the pouch and by the thin wall of the capillary. Across this slight 
barrier oxygen and carbon dioxide easily pass. 

The set of gill folds on one side of an inter-branchial septum is regarded as a 
half-gill or hemi-branch, a whole gill or holo-branch being made by the two hemi- 
branchs on opposite sides of an inter-branchial septum. Thus in the dogfish there 
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Fig. 76. A diagram to show the relations between the skeletal and arterial systems, and 
certain muscles, in the head and pharyngeal regions of the dogfish. 
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are (1) a hemi-branch on the anterior wall of the first branchial pouch, {2) a 
holo-branch on each of the four inter-branchial septa. 

In the spiracle, which must originally have been a branchial pouch like the 
others, there is no true gill, but it bears on its anterior wall a gill-like organ, the 
pseudo-branch. Little is known of the function of this structure save that it is not 
respiratory, for the blood with which it is supplied is already oxygenated (p. 1 ig). 

In the dogfish the branchial arches constitute a jointed basket which is so 
adjustable that its volume (and with it that of the pharynx) may be increased or 
diminished. In breathing, a series of muscles which run from the pectoral girdle 
to the basi-hyal and hypo-branchials (coraco-hyals and -mandibulars) contract, 
pulling down the floor of the pharynx and enlarging its cavity. Water then enters 
the pharynx through the open mouth and (probably) the spiracle. Next, a sheet 
of muscle which runs transversely beneath the buccal cavity and pharynx contracts, 
raising the floor of the pharynx, reducing its volume, and forcing the water out 
through the branchial pouches and over the gills. 

The mouth is opened by a coraco-mandibular muscle (Fig. 76). 


The blood-vascular system 

Blood ; arteries, capillaries and veins. The blood of craniates differs from that of 
Amphioxus, and resembles that of the earthworm, in containing haemoglobin ; but 
while in the earthworm the haemoglobin is dissolved in the plasma, in the craniates 
it is contained in certain special cells, called red blood corpuscles or erythrocytes (p. 343), 
enormous numbers of which are suspended in the blood. 

The blood is contained in a closed system of vessels. These are of four kinds : 
the heart, arteries, capillaries, and veins. The heart is the muscular pump which 
by rhythmic contractions forces the blood round the circulation. Arteries are 
vessels taking blood away from the heart towards the various tissues of the body ; 
they have thick walls because they must withstand the ‘ pulse ’ or pressure of the 
pumping heart. In the tissues they branch repeatedly, finally forming capillaries, 
vessels of microscopic size with walls of only a single layer of very flattened cells. 
It is through the thin capillary walls that the various exchanges between the blood 
and the tissues occur. The capillaries recombine to form veins , the vessels in which 
the blood is returned to the heart. Veins have thinner walls than arteries, because 
the pulse does not extend to them, being ‘damped out’ in the network of capillaries 
The heart. The heart is situated ventrally, supported below by the anterior 
extension of the coracoid bar (p. 112), ‘ in ’ the pericardial cavity (p. 103). The 
pericardial membrane, or pericardium, which lines the cavity is reflected over the 
heart, so that the heart is enfolded by the pericardial cavity, as the abdominal 
viscera are by the peritoneum, but is not contained in it. 

, . hC3rt ltSClf HaS th J embr y° at first the f °rm of a straight tube which 
rhamhp COmeS tK rai ^ VerSe y dlVidcd int ° four comn ™nicating chamber. These 

Vm °T 31 P ° Steri0r Cnd ’ and in fr ° nt of 11115 the auric/ ‘> 

ventricle, and the bulbus cordis at the anterior end. As development proceeds the 

heart loses the form of a straight tube and becomes bent upon itself so that in the 
adult the auricle lies dorsal to the ventricle. P he 

ahJJtteSii thrOU f ghoUt Jy. a membrane, the endocardium, while 

The whole u u* ™ de ° f mUScle known « myocardium. 

he whole is sheathed externally in the pericardial membrane. 
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The sinus venosus is a triangular sac at the posterior end of the pericardial cavity. 
It fills with blood from the great veins which open into it and then contracts, 
driving the blood through the sinu-auricular aperture into the auricle, which lies in 
front of it. Next, the auricle contracts, forcing the blood through the auriculo - 
ventricular aperture into the ventricle, which lies below the auricle. Back-flow of 
blood into the sinus venosus is prevented by the sinu-auricular valves , two strips of 
endocardium which allow the blood to flow into the auricle but shut like doors 
across the aperture when it tries to return to the sinus. When the ventricle con¬ 
tracts, the blood is driven into the conus arteriosus , which lies anterior to the ventricle 
and develops from the bulbus cordis of the embryo (p. 392), and through it into 
the ventral aorta , a great artery running anteriorly beyond the pericardial cavity. 
Back-flow of blood into the auricle is prevented by auriculo-ventricular valves, while 
in the conus arteriosus there are two rows of three valves each, of a kind called semi¬ 
lunar . Each is a little pocket of endocardium opening forwards ; when the blood 
tries to flow back into the ventricle it opens the pockets so that they block the 
lumen of the conus and no back-flow can occur. 

Each contraction of the heart is called a systole and each relaxation a diastole. 
Since the only work the sinus venosus and auricle have to do is to empty their blood 
into the next chamber of the heart, their myocardial layers and therefore their walls 
are thin. The ventricle and conus arteriosus on the other hand, which drive the 
blood through the gills and around the whole body, have very thick walls because 
of the great development of the myocardium. 

The arteries. The blood passes from the heart into the ventral aorta , a great artery 
which runs forwards in the mid-line below the floor of the pharynx. It gives off 
four branches on each side and the most anterior of these quickly forks. The five 
arteries thus formed are the afferent branchial arteries , so called because they take 
the blood, received by the heart in a dc-oxygenated condition after passing through 
the tissues of the body, up the sides of the pharynx to the capillaries in the gills, 
where its haemoglobin takes up oxygen again. The first, or most anterior, afferent 
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Fig. 78. A dogfish directed to show the ventral aspect of the heart, the ventral aorta, and 

the afferent branchial arteries on the right side. 

branchial, passes in front of the first branchial pouch and supplies capillaries 
? thC glH K me,1 f e ° f the anterior hemibranch, while the remainder 

^ to suppiy th ' capinarics in the 

The blood is carried away from the capillaries in the gills by nine efferent 
branch,al artervs, on each side. The efferent branchials on the anterior and posterior 
sides of each branchial pouch join one another above and below it forming loom 

:i" r ch -1 The fiftb branchiai pouch > “a 

is here fo^l w’ H l ° n ? cfreretU bra nchial (the ninth), so that no loop 

in the roof if the ph The f ° Ur rnn 
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arteries , which diverge from one another for a short distance and are then joined 
on each side by another and larger artery, the efferent hyoidean (often mis-called the 
‘ internal carotid ’), which comes from the upper end of the first efferent loop. 
'I'he vessel formed by this junction retains the name ‘ internal carotid The two 
enlarged internal carotids now converge towards the mid-line and pass through 
the foramen mentioned on p. 109 into the skull to supply the brain, merging as 
they do so. Before entering the foramen each gives off a branch, the orbital artery 
(often mis-called the ‘ external carotid ’), which passes through the infra-orbital 
ridge, by the foramen described on p. 109, into the orbit, whose floor it crosses on 
its way to supply the region of the snout and upper jaw. Another artery taking 
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blood to the head is the pseudo-branchial, sometimes called the ‘ hyoidean ’, which 
arises from about the middle of the first efferent branchial and passes laterally to 
the spiracle, to which it supplies a branch. It then continues forward, crosses the 
floor of the orbit, and enters the cranium through a foramen in its wall. It helps 
to supply the brain. There is no true external carotid artery in fishes. 

In the embryo a series of six arteries, the arterial arches, develops in the first six 
mesodermal visceral arches ; they connect the ventral aorta around the sides of the 
pharynx between the branchial pouches with the lateral dorsal aortae above (so called 
because at this time the dorsal aorta in the region of the pharynx is paired). We 
need not concern ourselves with the first of these arteries, except to say that it gives 
rise, in the adult, to the pseudobranchial artery. The remainder become divided 
each into a lower part connected with the ventral aorta and an upper part connected 
with the lateral aorta, the two portions being joined by capillaries in the gills. The 
lower portions become the afferent branchials, the upper portions the efferent 
branchials and cpibranchials. The lateral aortae fuse together, forming the single 
dorsal aorta, remaining double only near its anterior end and where the two arms 
of the fork become the internal carotids. 

The chief function of the dorsal aorta is to take oxygenated blood from the gills 
to the trunk, fins and tail. It gives off the following branches, in order from in 
ront backwards : (i) paired subclavian arteries to the pectoral fins; (2) a median 
^ artery having three branches which supply (a) the liver, (b) the oesophagus 

s a n t“’ V bc anten0r part ° f the intestine > the pancreas and part of the 
sp een, (3) a median anterior mesenteric artery to the posterior part of the intestine- 

( 4 ) a median lienogaslrtc to part of the stomach and spleen; (5) a median hos tenor 
mesenteric to the rectal gland. Besides these there are ser es of small" pa red 
arteries to die muscles of the body waU, the testes or ovary, to the kidneys and to 

She " <ZCarte L ries )' Thc dorsal aorta continues through the tail as 

vertebrae. " ymg ” ** Cana ' formed b y the haemal arches of the caudal 

in ,i Many ° f i h ! VdnS of ^ d °8 fish differ those of higher crania tes 
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the olfactory organ, is joined by a nar¬ 
row neck to an orbital sinus behind the 
eye, and is continued backwards by 
the very large anterior cardinal sinus 
which runs in the body wall just 
dorsal to the branchial pouches. At 
the level of the posterior end of the 
heart, the anterior cardinal opens into 
a vessel, the duct of Cuvier , which runs 
downwards in the septum transver- 
sum (p. 103) and opens into the lateral 
extremity of the sinus venosus. The 
other vessel bringing back blood from 
the anterior end on each side is the 
inferior jugular sinus, which lies much 
more ventrally than the anterior car¬ 
dinal ; it opens into the duct of 
Cuvier, on each side just lateral to 
the pericardial wall. 

Blood from the tail is carried for¬ 
wards into the trunk in a caudal vein 
which lies just beneath the caudal 
artery, enclosed with it in the tunnel 
formed by the haemal arches. When 
it arrives in the trunk it divides, just 
behind the cloaca, into two veins, 
each of which continues forwards 
dorsal to the kidney of its side, Here 
it comes to an end, giving off many 
small branches which break up into 
capillaries in the substance of the kidney. The term portal vein is applied to veins 
which thus start by the combination of capillaries in one part of the body (other than 
the gills) and break up again into capillaries in another part, so that the blood passes 
through two sets of capillaries before returning to the heart. We have already seen 
such a system in the so-called ‘ hepatic portal ’ of Amphioxus (p. 97). In the present 
case the branches of the caudal vein taking blood to the kidney capillaries are the 
renal portal veins. Since the kidneys also received blood from the dorsal aorta, they 
have a double blood supply, but all the blood leaving them is poured into a single 
vessel which lies between them : the posterior cardinal sinus. In front of the kidneys, 
this sinus divides into two, both branches becoming enormously enlarged and 
lying dorso-laterally in the body wall. They continue forward and open into the 
ducts of Cuvier opposite the anterior cardinal sinuses. 

An important vessel returning blood from the lateral part of the body wall, 
and running just beneath the peritoneal membrane, is the lateral abdominal vein 
of each side. The blood from the pectoral fin is carried away in a brachial, and 
that from the pelvic fin in a femoral vein. These two veins open into the lateral 
abdominal vein of each side, at its anterior and posterior ends respectively. In 
front of its junction with the brachial vein each lateral abdominal is called the 
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Fig. 81. The chief veins of the dogfish (after 
O Donoghuc, altered). 
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subclavian vein and this opens into the duct 
of Cuvier. Finally, a lateral cutaneous vein 
runs forward on each side just under the 
lateral line canal and opens into the post¬ 
erior cardinal close to the duct of Cuvier. 

The blood in the capillaries of the gut 
contains digested and absorbed food mat¬ 
erial, and, before this can be admitted 
into the general circulation for the use of 
the tissues, it has to be submitted to certain 
processes and much of it is stored. These 
operations are carried out in the liver. 

The blood, therefore, is collected into 
a number of veins coming from different 
parts of the gut and these join together 
to form the large hepatic portal vein which runs to the liver, where it divides into 
three branches, each of which breaks up into capillaries in one of the lobes of the 
liver. Notice that the dogfish has two portal systems, the hepatic and the renal. 
Like the kidneys, the liver receives blood from the dorsal aorta, in the hepatic 
branch of the coeliac artery, as well as through the portal vein. The blood is re¬ 
moved from the liver capillaries in a large hepatic sinus running through each main 
lobe of the liver. These sinuses, which are incompletely separated from one 
another after they have left the liver lobes, open into the sinus venosus through two 
small holes in the septum transversum. 



Fic. 82. A diagram of the circulation. 
Deoxygcnated blood (black) goes from all 
parts of the fish, through the heart, to the 
gills, whence, after oxygenation (white) it 
is sent to all parts of the fish again. 


The single circulation 

There is one feature of the circulation in the dogfish whose importance cannot 
be overstressed : all the blood in the heart goes through the gill capillaries, where 
itehaemogkibin is oxygenated, before it can go to any other part of the body. 
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Fig. 83. The urino-genital system of the male dogfish, dissected on the left side. The 

urinogenital sinus has been opened. 


profusely winding, over the ventral face of the kidney. The anterior non-excretory 
part of tfie kidney (known as Leydig’s gland) produces a substance which is poured 
into the Wolffian duct, nourishing the spermatozoa. The Wolffian duct expands 
backwards into a wide straight tube, the seminal vesicle, in which spermatozoa 
are stored. From the posterior, excretory half of each kidney are given off on each 
side five thin-walled ducts which unite to form a single kidney duct. Posteriorly 
the two kidney ducts and the two seminal vesicles open separately into a median 
chamber, the urino-genital sinus. This gives off forwards on each side an elongate 
blind sac, the sperm sac, of doubtful function, and itself opens into the cloaca 
through a papilla, the urinogenital papilla. 

Another structure which must be mentioned here is the siphon, a large sac lying 
beneath the skin of the posterior part of the belly. It is continued posteriorly into 
two wide ducts which open into the grooves in the claspers. In most of the lower 
craniates fertilisation is external, both ova and spermatozoa being discharged into 
the water and syngamy occurring there (as in the frog), but in the dogfish it is 
internal and copulation occurs, the claspers being thrust into the cloaca of the 
female and the seminal fluid, with its contained spermatozoa, passing along the 
grooves on the claspers into her cloaca. It is believed that the siphon fills itself 
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F10. 84. Ventral aspect of a male dogfish, afier 


removal of most ol the skin. 







urinary sinus 


oviduct • 


mw ' 


RML 


Fig. O5. The reproductive organs of a female dogfish. The right oviduct has been 
opened to show an egg case, and also the posterior ends of both oviducts and of the urinary 


sinuses. 
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with water and then expels it again, flushing 
the grooves of the clasper and washing the 
spermatozoa along towards their destination. 

The female. In the mature female dogfish 
a single large ovary, in which are seen large, 
heavily-yolked eggs in various stages of develop¬ 
ment is slung from the mid-dorsal line by a fold 
of peritoneum, the mesovarium, corresponding 
with the mesorchium. This is the right ovary ; 
the left one fails to develop. 

The ova are carried to the exterior by two 
large ducts, oviducts, which unite at their anterior 
ends, on the ventral aspect of the oesophagus, 
and open into the peritoneal cavity by a single 
large longitudinal slit, the oviducal aperture. The 
oviducts run backwards, and each soon forms 
a rounded swelling, the shell gland ; behind this 
they narrow again and continue backwards 
without much change of diameter (unless dis¬ 
tended by the presence of an egg) to open sep¬ 
arately into each side of the cloaca. In immature 
fishes the openings into the cloaca are closed by 
a membrane, the hymen. The mature ovum is 
released from the ovary into the peritoneal cav¬ 
ity and is then carried by the action of certain 
tracts of ciliated cells in parts of the peritoneal 
membrane to the oviducal aperture. Entering 
this, it passes down one or other oviduct to the 
shell gland in which it meets with spermatozoa 
from a male fish, and fertilisation occurs. The 
walk of the shell gland secrete upon the ovum first a viscid solution of albumen 
and then a homy shell The shell is a rectangular, box-like struoture, each of 

^ ur corn ^ 1S produced into a long horny thread which becomes entangled 
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Fig. 87. The excretory system of a female dogfish. The posterior part of the urinary sinus 

has been laid open by cutting through the oviduct. 

I he presence in each sex, in an undeveloped state, of structures which are large 
and functional in the other, reflects the mode of development. In craniates the 
two sexes are in the young embryo indistinguishable ; the gonads when first formed 
are structurally indifferent and the reproductive ducts of both sexes are present 
as rudiments. Later, the gonads differentiate as either testes or ovaries, and the 
relevant reproductive ducts then develop to their functional condition, while those 
characteristic of the opposite sex develop no further but, like the anterior part of 
the Wolffian ducts in the female dogfish and the oviducts in male dogfish, often 
persist in a vestigial condition. 

The central nervous system 

I he central nervous system is a vast aggregation of nerve cells forming an 
extremely richly inter-connected 4 exchange ’ system in which every neurone is 
directly or indirectly connected with every other, while the peripheral nervous 
system consists of afferent and efferent nerve fibres which do not connect with one 
another, except through cell bodies in the central nervous system. 

The brain. The central nervous system consists of the brain and spinal cord. 
The structure of the brain is best understood from its development. When the 
central nervous system is first formed in the embryo it has the form of a simple 
tube in which the brain is indicated only by an anterior expansion. This expan¬ 
sion becomes divided by two constrictions into three communicating chambers : 
an anterior fore-brain or prosencephalon , a mid-brain or mesencephalon , and a hind-brain 
or rhombencephalon. These three chambers are the primary cerebral vesicles. Behind 
the rhombencephalon, the nervous tube remains relatively narrow and becomes 
the spinal cord. 

In the further development of the central nervous system three processes play 
a part : the differentiation of most of its cells into neurones with the formation of 
synaptic junctions (p. 31) between them, the formation of vaiious outgrowths 
and subdivisions of the primary vesicles of the brain, and the uneven thickening 
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fore-brotn 


mid-brain 


hind-brain 


Fig. 88. Diagram showing the derivation of 
the parts of the brain of the dogfish from the 
primary cerebral vesicles. 


of different parts of the wall. The 
original tubular nature of the cen¬ 
tral nervous system is preserved 
and each major division is hollow, 
the different cavities (called ven¬ 
tricles in the brain, and the central 
canal in the spinal cord) communi¬ 
cating with one another, and con¬ 
taining a liquid, the cerebrospinal 
fluid . 

The fore-brain becomes divided 
by a constriction into an anterior 
telencephalon and a posterior dience¬ 
phalon or thalamencephalon. Antero- 
Iaterally, the telencephalon gives 
off on each side a hollow out¬ 
growth, the olfactory lobe , which in 
the dogfish, in which smell is per¬ 
haps the most important of the 
senses, becomes large and lies in 
close contact with the olfactory 
organ in front of it. In the dog- 
fish the telencephalon itself is a large undivided mass, called the cerebrum , and 
the cerebral hemispheres ’.which are so large and important a feature in the 
brains of higher animals, are indicated only by a shallow groove on the roof of the 
cerebrum. Internally, however, the ventricle of the telencephalon is divided into 
nvo divisions known as the lateral or first and second ventricles. The floor of each 

coZfa C ‘ S - thlckcned b y a mass of nervous ^ssue, the corpus striatum (pi. 
corpora striata), an important organ in all vertebrate brains. 

The roof of the diencephalon is thin and non-nervous. It is called the anterior 
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Fig. 89. Brain and olfactory organs of the dogfish, dorsal view on the left, ventral on 
the right. In the ventral view, the left olfactory organ has been opened to show the 
folded lining. 


its floor is thickened on either side by a band of nerve fibres, the crura cerebri (sing. 
crus cerebri), which reduce the ventricle of the mid-brain to a narrow vertical slit, 
the Aqueduct of Sylvius or iter. 

1 he hind-brain gives off anteriorly from its roof a very large outgrowth, the 
cerebellum, which is elongated antero-posteriorly so that it overhangs the optic lobes 
in front and part of the hind-brain behind. The remainder of the hind-brain is 
the medulla oblongata ; it is wider in front than behind where it passes insensibly into 
the spinal cord. Its thin and non-nervous roof forms the posterior choroid plexus. At 
its anterior end it bears on each side a folded outgrowth, the restiform body. 

The functions of the parts of the brain are dealt with on pp. 257-261. 

The spinal cord. Through the foramen magnum of the skull the medulla 
oblongata passes into the spinal cord, and this continues in the tunnel formed by 
the neural arches to the end of the tail. The internal cavity of the cord, or central 
canal, is very small while its walls are very thick. The structure of the cord, which 
varies little in different craniates, is described on p. 347. 


The peripheral nervous system 

Spinal nerves. The spinal cord gives off a series of segmentally arranged spinal 
nerves. Each such nerve arises from the cord by a dorsal and ventral root, which 
combine to make the spinal nerve. The dorsal roots each bear a swelling, the 
dorsal or spinal ganglion. These ganglia contain nerve cells from each of which one 
process passes into the spinal cord and another outwards through the spinal nerve 
to sense organs in the skin. Since they transmit impulses from the stimulated sense 
organs into the spinal cord they are sensory or afferent neurones. The nerve fibres in 
the dorsal root arc thus sensory. The ventral roots bear no ganglia and their 
fibres arise from cell bodies in the spinal cord and transmit impulses outwards to 



ANIMALS OF GRADE 5 ; THE DOG FISH 


29 


inferior oblique 


woll of orbit 



superior 

oblique 

anterior 
rectus 


superior 

rectus 

inferior 

rectus 


cerebellum Cr.N.VI posterio^ "ectus 

Fig. 90. The muscles of the eye-ball, and 
cranial nerves III, IV and VI, in the orbit 
dissected from above. 


muscle fibres or ganglion cells. They 
are therefore motor or efferent nerve 
fibres. In the spinal nerve itself the 
fibres of both dorsal and ventral roots 
are bundled together and carried in 
its branches to their destinations. 

The spinal nerves are therefore both 
motor and sensory, that is, mixed. 

Cranial nerves. Before describing 
the cranial nerves it is necessary to 
interpolate a description of the six 
muscles which move the eye-ball. 

Two muscles, the superior and inferior 
obliques , arise from the wall of the 
orbit anteriorly and are inserted re¬ 
spectively on the dorsal and ventral 
aspects of the eye-ball near its an¬ 
terior end. The remaining four muscles arise close together from the orbit a 
little behind its middle and run to be inserted on the eye-ball anteriorly, posteriorly, 
dorsally, and ventrally ; they are called respectively the anterior, posterior , superior 
and inferior recti , or, in human anatomy, the internal, external, superior and inferior 
recti (sing, rectus). By contracting these muscles in different combinations the eye¬ 
ball can be turned in any direction. They show a very considerable constancy 
in different vertebrates and in man. 

There are ten cranial nerves. All are paired. 

The first or olfactory nerve (Nerve I) is purely sensory and consists of nerve fibres 
passing singly or in small groups from sensory nerve cells in the olfactory organ 
to the olfactory lobe of the brain. 

Nerve II, the optic nerve, consists of sensory nerve fibres passing from the retina 

ol the eye to enter the brain on the ventral surface of the diencephalon. 

Merve III, the oculo-motor nerve, arises on the ventral side of the mid-brain 

traverses a foramen in the wall of the orbit, and supplies the inferior oblique, and 

the superior, inferior and antenor rectus muscles. It is predominantly a motor 
nerve. 
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Nerve IX, the glossopharyngeal, arising from the medulla oblongata behind 
Nerve VIII, leaves the skull through a canal which penetrates the cartilage of the 
auditory capsule. It then divides into two branches, of which one, the pre- 
trematic branch, runs downwards just in front of the first branchial pouch, and the 
other, the post-trematic, behind it. The pre-trematic is sensory, the post-trematic 
mixed. 

Nerve X, the vagus, perhaps the largest cranial nerve, takes its origin from the 
medulla oblongata by several roots, two of which bear ganglia, and which com¬ 
bine. The nerve leaves the skull through a posteriorly situated foramen (p. 108) 
and almost at once divides into three branches. The lateral line branch runs back¬ 
wards along the whole length of the fish, supplying the neuromast organs of the 
lateral line (see below). The visceral and branchial branches at first run closely 
bound together. The branchial gives off to each of branchial pouches 2-5 a 
branchial nerve, and each branchial nerve forks into a sensory pre-trematic and a 
mixed post-trematic branch, passing respectively in front of and behind its 
branchial pouch. The mixed visceral nerve continues backwards and, passing 
into the body cavity, supplies the heart and other viscera. 


The autonomic nervous system and the endocrine glands 

These structures, though present in the dogfish as in all craniates, are better 
discussed elsewhere (pp. 263-268). 


Sense Organs 

Neuromast sense organs. These organs consist of little groups of cells in the 
lateral line tube (p. 100). Each cell bears a tiny process, the sensory hair, which 
projects into the cavity of the tube. The function of the neuromasts is the detec¬ 
tion of disturbances in the water, such as are caused by the movements of other 
fishes. Slow vibrations of this kincl, transmitted through the pores by which the 
lateral line canals open to the surface, are believed to bend or to set vibrating the 
sensory hairs and thus to excite the sensory cells. The sensory cells are supplied 
with nerve fibres of the lateral line branch of the vagus and it is therefore this 
nerve which transmits the impulse to the brain. See also p. 514. 

of £ mpull . aTy f ense or g ans ( Fi g- 90 - These organs are situated in groups, in the snout 
of the animal and elsewhere, and each consists of a tube down from the surface, 
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Fig. 93. The membranous labyrinth of the dogfish, in position. 

filled with mucus, and opening at the bottom into one or more little pocket-like 
ampullae containing sensory cells. The sensory cells detect changes in temperature. 

Olfactory organs. The sense of smell is a chemical sense, closely connected with 
that of taste, and in an aquatic animal like the dogfish consists in the perception of 
substances dissolved in water. The olfactory sacs open to the exterior by the 
nostrils ; the lining of their walls is thrown into folds so that its area is increased. 
Scattered profusely in the lining membrane are long cells which at their free ends 
each bear sensory hairs projecting above the epithelial surface, and which at their 
lower ends are continued into nerve fibres forming collectively the olfactory 
nerve. These are the olfactory sensory cells. 

The ‘ ear ’. The structures commonly called the ‘ ear ’ serve what are really 
three senses : a sense of orientation with respect to gravity, a sense of acceleradon, 
that is, a change in the speed or direction of movement, and the sense of hearing 
which is less developed in fishes than in higher animals. 

The ‘ ear ’ is embedded in the auditory capsule and consists of a structure 
called the membranous labyrinth. This is divided by a constriction into a dorsal 
part, the utriculus, and a ventral part the sacculus. Arising from the utriculus are 
three tubes, called semi-circular canals, which open at each end into the utriculus. 
At one of its two openings into the utriculus, each canal is enlarged into a small 
swelling, the ampulla. The three semicircular canals are placed at right angles to 
each other ; the anterior is vertical and set parallel to the median vertical plane 
of the fish, the posterior one also vertical but transverse to the long axis of the fish, 
and the third horizontal, opening into the utriculus anteriorly and posteriorly. 
The sacculus, like the utriculus, has a rounded form. A small projection from it 
is the lagena ; this is the fore-runner of much more elaborate structures in higher 
animals, especially in the mammals, which contain the organs of hearing. Also 
arising from the sacculus is a tube, the endolymphatic duct. The two endolymphatic 
ducts open to the exterior by the pores mentioned on p. 108. 

The cavity in the auditory capsule which accomodates the membranous laby¬ 
rinth is of the same form as the labyrinth and contains a fluid, the perilymph, which 
is supposed to protect the labyrinth from damage by external shocks and also to 
transmit sound vibrations. The cavity of the labyrinth contains another fluid, the 
endolymph, in which there float minute calcareous particles, the otoliths. 

The function of the membranous labyrinth will be discussed on p. 273 ; 
here it will suffice to say that the organs perceptive of changes in acceleration are 
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found in the ampullae of the semicircular canals, while those responsive to gravity 
are in the utriculus and probably in the sacculus. The organ of hearing is believed 
to be in the lagena, 

The eye varies little in structure in the different vertebrates and is described 
on pp. 270-271. 


Metameric segmentation 

We have several times referred to various organs of the dogfish as meta- 
merically, or segmentally, arranged, although it is obvious that the animal is not 
divided into such distinct segments as the earthworm is. In the earthworm, seg¬ 
mentation is primarily a feature of the mesoderm which appears in the embryo as a 
series of paired mesodermal sacs. In the embryos of craniates only the dorsal part 
of the mesoderm is thus divided into segmental sacs (called somites), the larger more 
ventral part of the mesoderm remaining undivided and being called the lateral 
plate, while each somite is joined to the lateral plate by a bridge of mesodermal 
tissue called the nephrotome (to be carefully distinguished from the nephrostome, the 
inner opening of a nephridium or kidney tubule). Thus somites and nephrotomes 
are segmental. The somites give rise (among other things) to the great muscles 
of the trunk and to the rudiments of the vertebrae ; hence the segmental arrange¬ 
ment of these structures. The myotomes are segmental in position (that is, each 
forms in the position of a somite) while the rudiments of the vertebrae put them¬ 
selves together in such a way that the vertebrae are placed, not each vertebra 
opposite a myotome (that is, segmentally) but each opposite a myocomma (that 
is, mter-segmentally). The spinal nerves, a major part of whose function is to 
supply the myotomes, are, in harmony with them, segmentally arranged, and so 

Z wh ^ take b ‘°°? >° myotomes. From the nephrotomes form 

S tubules of the kidney and these too are at first segmentally arranged though 
the segmentafion is lost in the adult. The unsegmented lateral plate mesoderL, 
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CHAPTER XIII 


INVASION OF THE LAND : INTRODUCTION 

Although we know very little of how living beings first came into existence we 
can be sure that they were aquatic, for water is a necessary constituent of all 
protoplasm and, in addition, protoplasm can take foreign substances into itself 
only in solution. Further, all the more primitive organisms now existing are 
water-living forms, like the algae*, the protozoa, and the vast majority of in¬ 
vertebrate animals apart from the insects. Indeed, the only three major groups 
of truly terrestrial organisms are the higher vertebrates, the insects, and the 
flowering plants. 

In the following two chapters the fern and the frog are placed next each other 
to emphasise the somewhat similar positions they hold in the series of progressively 
more perfectly adapted terrestrial organisms. The term amphibia, applied to the 
class of vertebrates which includes the frog, in allusion to their fully aquatic larval 
forms and imperfectly terrestrial adults, might nearly as well have been applied 
to the fern and its relatives. Each of the two forms represents a group of plants or 
animals which stands in between the wholly aquatic forms, algae or fishes, on one 
hand, and the fully terrestrial flowering plants or higher vertebrates, on the other. 

The earliest land plants of which we have fossil evidence come from the 
Silurian epoch, nearly five hundred million years ago, but no considerable 
terrestrial flora is known until the succeeding Devonian period. These ancient 
plant remains tell us nothing of how the first land plants arose or even, with any 
certainty, of when they arose, for a land flora may have existed long before the 
most ancient known fossils. Nevertheless, it seems probable that it was in late 
Silurian and early Devonian times that the land, hitherto bare of life, a waste of 
rugged mountains, valleys and plains, its deadly monotony unbroken by green 
plants or moving animals, first began to receive a living covering. Why this 
change, so tremendous in its meaning for the future, occurred whenever it did 
occur we do not know ; there is perhaps a hint in the fact that in the latter part of 
Silurian times the earth passed through one of the several great phases of com¬ 
motion which have from time to time interrupted the placid tenor of its history, 
with vast slow foldings of its crust raising ocean bottoms to be mountain tops, and 
sinking older ranges beneath the sea. Perhaps it was as the new lands rose out of 
the sea that some of the algae, thus carried into the air, learned gradually to live 
on the uncovered mud, and later carried the invasion further, into drier regions. 

The invasion of the land by animals did not come until later, and the first 
terrestrial vertebrates are known as fossils from late Devonian rocks. It seems a 
far cry from the fishes, breathing dissolved air with gills, and swimming by un¬ 
dulations of their trunks and tails, to terrestrial animals, breathing an in lungs 
and walking on land with legs. Yet all studies of the anatomy and physiology ot 
living land vertebrates on one hand, and of living fishes on the other, as well as o 

* This is the term applied to such simply organised chlorophyll-containing plants as Chlamy- 
domonas, Plcurococous, Volvox, Spirogyra and Fucus, nearly all of which are aquatic. 
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fossils, indicate that remote ancestors of men and of all terrestrial vertebrates were 
fishes. At some far-off time in the history of this planet, probably during the early 
and middle Devonian, a group of fishes took to living on the land and so gave rise 
to the first terrestrial or semi-terrestrial vertebrates. These primitive land-living 
creatures were members of the class amphibia, of which the frog is one of the com¬ 
paratively small number of forms existing today. 

Palaeontologists, whose business it is by the study of rocks and fossils to decipher 
the history of the earth and of the animals and plants that have lived upon it, have 
been able to tell us a good deal about the early amphibians and the fishes from 
which they were probably descended, and also about the climatic conditions in 
which the change from aquatic to terrestrial life occurred. In Devonian times 
more dry land had emerged above the sea than was present in the preceding 
Silurian epoch, but there seems to have been little rain-fall. Over great parts of the 
earth the climate was more or less arid, but there were many rivers, lakes, lagoons 
and ponds, and during dry seasons these tended to dry up. The water was in¬ 
habited by fishes, whose structure is fairly well known to us from their fossilised 
remains and from their few scarcely changed descendants still living to-day. 

Those which inhabited fresh-water lakes or streams were periodically in danger 
of death when the water became stagnant and filled with decaying plants and the 
rotting corpses of other fishes, for under these conditions oxygen in the water 
becomes scarce, and gill-breathing animals die by suffocation. In these conditions, 
any fish which could supplement gill-breathing with lungs, and breath air like a 

weTf eve * had a c, . ear ^vantage in the struggle to live. At the time there 

lun? fi!ht nr? OU » PS .° f c Sh T Vh ; Ch had lungS> and a few of thcm sti11 exist, the 
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it possible for the fish to crawl about on wet mud. These fins, in the course of 
time, became transformed into the typical five-fingered limb of terrestrial verte¬ 
brates. We have then to picture, as our last aquatic or first terrestrial ancestors, 
fishes which breathed with gills when there was water, with lungs when there was 
no water or when it was foul, and which were able to crawl about the muddy 
shores of their dry ing lakes and ponds, probably picking up a living at the expense 
of worms, snails, primitive insects, and the like. From them, by ever-increasing 
perfection of their limbs for terrestrial locomotion and of their lungs for the breath¬ 
ing of air, came the amphibia ; and from the ancestral amphibia there arose a 
large and varied amphibian fauna which dominated the world of lush forests in 
Carboniferous times, when that rock was beginning to be formed which we now 
know as coal. To-day nearly all the amphibia are long since extinct, but among 
the existing forms is the frog. 

Before proceeding to the detailed description of the fern and the frog it is 
interesting to discuss what changes had to be made when the water-living ancestors 
of present-day terrestrial animals and plants became successful colonists of the 
land. To both animals and plants the mere lesser density of the surrounding 
medium presented difficulties. The floating thallus of the aquatic plant and the 
body of the fish are both of a specific gravity not far different from that of water, 
and so either float in it, or are easily prevented from sinking by a minimum of 
muscular work on the part of the animal, or in plants by such simple devices as 
the bladders seen in Fucus. 

On land it is otherwise. The plant requires a stiff support which will hold its 
green surfaces exposed to the light, while the animal must strengthen its skeleton 
to gain for its tissues the stronger support necessary in air. In water there is no 
danger of death by evaporation ; on land a plant must either keep to moist and 
shady situations, or else so change the character of its surface that evaporation 
will be reduced below the point of danger. For the animal the same is true. His 
skin must resist the loss of water from it, or he must not stay too long in the sun. 

The aquatic plant takes carbon dioxide and oxygen from the water by simple 
diffusion of the dissolved gases, while the fish breathes with gills. When the plant 



Courtesy of the American Museum of Natural History 

Fig. 95. Loft, Restoration of the devonian fossil fish, EusthenopUron> a member <£ the 
croup from which the Amphibia are believed to have sprung (from a painting by h. L. 
Jaqucs, courtesy of the American Museum of Natural History). Right, Restoration of a 
group of primitive amphibians ( Diplovertebron) from the Carboniferous. 


INVASION OF THE LAND ; INTRODUCTION 


'37 


emerges on to the land the gases diffuse to and fro in the air, and so in the 
land plants we find what are absent from algae : a system of ventilating spaces 
throughout the tissues of the plant, communicating with the outer air through 
special apertures in the evaporation-resistant outer covering (p. 184). The problem 
for the animals was analogous : to find a means of getting oxygen into the blood, 
and carbon dioxide out of it, without using the gills. 

Perhaps the greatest difficulties were in reproduction ; at any rate it was in 
their reproductive processes that both animals and plants longest retained clear 
traces of their aquatic origin. Most algae reproduce by means of free-floating or 
free-swimming cells, whether gametes or asexual spores. In fishes fertilisation is 
nearly always external, and this pre-supposes a watery site for the reproductive act, 
while the eggs have no protection that would save them from death by desiccation if 
they were to be deposited on dry land. No plant or animal can be said to have 
made itself fully terrestrial until it has overcome this need for external water in 
reproduction ; and we shall see that this has been achieved neither by the fern 
among plants nor by the frog among animals. 

The problems presented by terrestrial life to plants and animals were not the 
same for both groups, and since fundamental features of their organisation are 
so djfferent, the answers they gave in this cosmic examination were very diverse 
indeed. For this reason we shall not continue to deal with them together, but will 
now pass on, first to the fern and then to the frog. 


K 
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CHAPTER XIV 

INVASION OF THE LAND BY PLANTS : THE FERN 

THE TERRESTRIAL ENVIRONMENT AND THE 
DIFFERENTIATED PLANT BODY 

The needs of a green plant are for light, carbon dioxide, oxygen (when in the 
dark), water, and a variety of inorganic substances which must be dissolved in water. 
Aquatic plants, like Fucus and the other algae, are surrounded on all sides by water 
in which are dissolved all their material needs, which can, therefore, be taken up by 
all parts of the thallus. Further, the whole of the thallus is exposed to light filtering 
down to it through the water, and the whole of it, exposing chlorophyll-containing 
cells at its surface, is actively photosynthetic. The land plant, on the other hand, is 
confronted with a very different situation. Water, and the necessary mineral 
substances dissolved in it, are available only from the soil, while light is available 
only above it. Thus, while the aquatic plant lives in a comparatively homo¬ 
geneous medium, that of the land plant is sharply differentiated into two portions 
supplying different fractions of the plant’s total needs. As a consequence there 
has been forced upon land plants a much greater differentiation of their parts than 
we see in algae. Of these parts, one, the foliage, is aerial, and consists essentially 
of one or more chlorophyll-containing surfaces exposed to the light. Its function 
is to capture the light energy falling upon it from the sun, to take up carbon dioxide 
from the surrounding air, and, using the energy of the captured sun-light, to build 
the carbon dioxide, and the water which it receives from the roots, into sugar and 
starch. Another part, the root system, is without chlorophyll and is buried in the 
soil, in which it usually branches profusely ; its principal function is to take water 
and dissolved mineral substances from the soil but also to anchor the plant so that 
it shall not be blown down, or away, by the wind. The materials absorbed by the 
roots are carried to the foliage, and the substances there formed sent down to the 
roots, so that there is a continuous commerce between the foliage and the roots, 
and this passes through the third principal component of the body of a land plant, 
the stem. The stem has also another function : that of lifting the foliage up to the 
light. 

VEGETA TIVE STRUCTURE OF THE MALE FERN 
(ASPIDIUM (OR DRYOPTERIS) FILIX-MAS) 

Foliage of the fern 

The most prominent part of the male fern 1 plant is the foliage, which consists 
of very large leaves called fronds. Each frond has two parts : a stalk or petiole, and 
an expanded portion, the lamina, along which the petiole is continued as a mid-rib. 
The lamina is very much divided into a number of leaflets or pinnae, and these 
again are similarly cut up into pinnules. The fronds may be two or three feet high 
and as the petioles descend to the ground they might very easily be mistaken for 
stems, from which, however, they are quite distinct. 

i The term ‘ male ’ here is the common name of the fern : it does not signify sex. 
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At its active end the rhizome grows from a single dividing cell, as branches of 
the thallus do in Fucus. This cell cuts off daughter cells from its various faces, and 
these differentiate, forming the tissues of the fern. Young fronds are continually 
being formed at the growing end of the rhizome ; each is at first tightly coiled like 
a watch spring but slowly unfurls. As the rhizome grows forwards it leaves the 
maturing leaves further and further from its apex. Finally, they die and rot away, 
so that the parts of the rhizome furthest from the apex are without leaves, but still 
show traces of those they bore when they were young and close to the growing 
point. 

The roots 

Arising from the underside of the rhizome along its whole length are numerous 
roots, which grow downwards into the soil. Now, in plants with upright stems 
the roots arise at its base, but here we see them given off laterally from the stem. 
Whenever an organ is found growing from an unexpected part of a plant it is said 
to be adventitious ; these are therefore adventitious roots. 

Microscopic structure 

In essentials, the tissues of the fern resemble those of flowering plants, but some 
points of difference may be mentioned. It is assumed in this paragraph that the 
reader has already studied Chapter XVI. In the rhizome the conducting tissues 
form a cylindrical network every strand of which has a core of xylem surrounded 
by phloem. Each mesh of the network is opposite to the base of a petiole, into 
which go vascular bundles branching from the strands around the mesh. The 
xylem differs from that of flowering plants in being composed of pitted tracheids, 
there being no true vessels. The sieve tubes of the phloem bear the sieve plates on 
the side instead of on the end walls. The structure of the fronds resembles that of 
flowering plants living in moist and shady situations like those favoured by ferns ; 
the cuticle is poorly developed and the palisade mesophyll unclearly differentiated 
from the spongy mesophyll. The roots show no important differences from those 
of flowering plants without secondary thickening. True secondary thickening 
occurs in neither stem nor root in ferns (with very few exceptions). 


ALTERNATION OF GENERATIONS IN ALGAE AND THE 

MOSS PLANT 

The life-cycle of the fern is of critical importance for the understanding of that 
of higher plants ; but before it can itself be understood it is necessary to grasp 
certain facts first about the intimate structure of cells and secondly about the li e- 

cvcles of lower plants. . 

Every cell contains a nucleus. Now, there are in the nucleus certain structures 

called chromosomes (much more fully dealt with in Chapters XXVI and XXX , 
generally of more or less thread-like form, which are of immense importance in both 
animals and plants because they are the bearers of the inheritance which pun from 
one generation to the next. For example, a kitten is a kitten because its cells contain 
cat chromosomes ; if it is a tabby kitten, it is because it b^ ^by cat chromo- 
somes. Now, when a cell divides, its chromosomes split longitudinally (p. 3 > 7 )» 
so that the daughter cells have the same number of chromosomes as the mother cell. 
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Hence all the cells of an individual 
animal or plant have the same 
number of chromosomes. If, now, 
the gametes contained the same 
number of chromosomes as the 
other cells of the individual, then 
the zygote would contain twice 
this number and so would all the 
cells of the new individual. Thus 
the number of chromosomes 
would double in each generation, 
an obviously impossible state of 
affairs. The difficulty is overcome 
by the occurrence in the life-cycle 
of a process, always involving two 
cell divisions, which results in the reduc¬ 
tion of the number of chromosomes in 
the four grand-daughter cells to half 
what it was in the parent cell. The 
process is called meiosis, and is 
described on pp. 435-437. Cells 
with the halved number of 
chromosomes are said to be haploid 
(n chromosomes), and those with 
twice this number to be diploid 
(2 n chromosomes). 

In animals, the somatic cells 
are diploid, meiosis occurs in 
gamete-formation, the gametes are 
therefore haploid, and the zygote 
is diploid again. 

The behaviour of plants in this 
respect vanes. In a brown sea¬ 
weed, related to Fucus and called 
Dictyota, there are two modes of 
reproduction but each individual 
plant reproduces in only one way. 

Some plants produce asexual 
spores while others form gametes 
which by fusion give rise to a 
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F - 97 . Diagrams of the lifc-cycles of (above) 
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diploid (sporophyte) but forms haploid spores. There is thus a regular alternation 
oi generations, diplo.d sporophytes producing haploid spores from which develop 
haplo.d gametophytes the fusion of whose haploid gametes forms diploid zygotes 
winch develop into diploid sporophytes again. Diploid plants are always described 
as sporophytes, haploid plants as gametophytes. 

In Dicljota both gametophyte and sporophyte plants are present but in Fuais 
all the plants are diploid and therefore sporophytes, and there is no alternation 
of generations. Meiosis occurs at the formation of gametes and these are the only 
haploid cells in the life-cycle ; in other words, the gametophyte generation is here 
so little de%-eloped as to be represented only by the gametes themselves. In Spiro- 
gjra, on the other hand, every filament is haploid and so a gametophyte The 
zygote is of course diploid, but the chromosome number is halved as soon as it 
begins to germinate. Thus here the sporophyte is represented only by the zygote 

There are reasons for thinking it probable that the first plants to colonise 
the land were algae whose life-cycle resembled that of Spiraea rather than 
those of Fucus or Diclyota : the plants were haploid, reproduced sexually, and 
reduction occurred in the germination of the zygote. Now, sexual reproduction 
has the biological advantage that it increases the variation which is the raw 
material of evolution, but it has disadvantages as a mode of reproduction for a 
plant living on land. Evolved originally in the water, it depended upon mobile, 
free-swimming gametes (as in Fucus and volvox ; Spirogjra is exceptional in 
this respect) and therefore on the presence of free external water and upon the two 
gametes meeting. Asexual reproduction by spores, on the other hand, does not 
depend on the meeting of two cells, and therefore the spores need not be motile : 
swimming and so free external water are unnecessary. For a land plant, there¬ 
fore, the ideal reproductive mechanism would retain the sexual process to ensure 
the occurrence of inheritable variations, but w’ould depend for the multiplication 
of individuals upon the production of great quantities of asexually produced 
spores. % 



Fig. 98. The moss Catharine a undu- 
lala y showing the two generations 
(after Schimper, from Brimble). 


If, now, we turn to the most primitive group 
of land plants, the mosses and liver-worts, we 
find that in the mosses the little leafy plant is a 
gametophyte which forms gametes at its apex. 
The ovum is fertilised in situ , but, instead of fol¬ 
lowing the pattern of the Spirogjra life-cycle and 
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at once undergoing meiosis and producing a new haploid plant (as the zygote of 

the algal ancestors of mosses probably did), it remains diploid, germinating to 

produce a long stalk-like body bearing a little capsule at one end while at the 

other remaining attached to the tip of the moss plant. In the capsule meiosis 

occurs and haploid spores are formed ; these, when released, fall to the ground and 

germinate to form the leafy gametophyte again. The diploid structure is therefore 

a sporophyte. In the moss it is not an independent plant, for it has no roots and 

is nourished by the parental gametophyte to which it remains attached. In the 

life-cycle the function of the gametophyte is to enable the sexual process to occur ; 

it suffices if it occurs once, one zygote being formed, giving rise to one sporophyte! 

The function of the sporophyte is to produce spores, and as many of them as 

possible, for it is upon them that the moss relies for the multiplication of individual 
moss plants. 


REPRODUCTION AND ALTERNATION OF GENERATIONS 

IN THE FERN 

Spore formation 

Examination of a fern frond in the summer will show on the lower surfaces 
of the pinnules (Fig. 96 ) numbers of small, roughly kidney-shaped and flattened 
scale-hke bodies which when young are green, when older dark-brown. In a verti¬ 
cal section of a frond, the scales are seen to be connected to the pinnule each by a 
short column-like stalk with a swollen base. The scale with its stalk is the indusium 
and theswe Imgo" the base is thcplaconta. Protected by the indusium are a number 

of Xri, ra * e - r fl f' Cned - lens ' s ^ a psd bodies, the sporangia (sing, sporangium), each 
of which is joined by a narrow stalk to the placenta. The whole structure, in- 
dusium and sporangia, is a sorus (plur. sori). 
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thin-walled cells, collectively called the stomium. The side-walls of the capsule 
consist of smaller thin-walled cells. Within the mature sporangium are the spores. 

In dry weather water evaporates from the wall cells of the sporangium reducing 
their volume so that the annulus shortens along its outer wall, where the cell walls 
are thin. This causes the whole annulus to bend slowly backwards, tearing the 
thin walls of the stomium and opening the sporangium. At last the annulus is 

bent hard backward, and attached to it 



Fig. ioo. A, A young prothallus of the 
fern, seen from below ; B, an older 
prothallus, with a young sporophyte 
growing from it. 


is a large part of the torn side walls of the 
sporangium, with most of the spores still 
held between them. Finally, as evapora¬ 
tion continues from the annulus, a further 
physical change causes it to spring back 
suddenly to the original position, hurling 
the spores far and wide into the air. 

The prothallus 

A spore which falls to the ground in 
a damp and shady situation germinates, 
producing a small green structure called 
the prothallus, which is the gametophyle of 
the fern. When its growth is not inter¬ 
fered with by mechanical obstacles the 
prothallus is heart-shaped and may be as 
much as half an inch across. The thickest 
part is near the centre, especially near 
the cleft of the heart, but even here a few 
cells make up the whole thickness of the 
prothallus, and the more peripheral parts 
are only one cell thick. The thickest 
part is known as the cushion. The cells of 
the prothallus show almost no differ¬ 
entiation among one another, being all 
living, thin-walled, chlorophyll-containing 
cells. All the specialised plant tissues, 
like xylem, phloem, etc., are absent. 
From the lower surface of the prothallus 
and especially from the cushion many 
long narrow threads grow down into 
the soil. These are not true roots, but 
rhizoids, filaments of cells which resemble 
roots in function, attaching the prothallus 
to the soil and absorbing water and dis¬ 
solved salts, but distinguished from roots 
by their wholly different and very much 
simpler structure. The prothallus is un¬ 
able to survive except in moist and shady 
situations ; it quickly shrivels if exposed 
to dry air. In any event its life is 
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short, for it ceases to exist soon after it has performed its function of producing a 
zygote. 

Sexual reproduction 

The organs serving the sexual process are found on the lower surface. Each 
prothallus produces both male and female gametes. The female gametes are 
formed one in each of a number of structures called archegonia which are found 
chiefly on the cushion among the rhizoids. Each archegonium develops by a series 
of divisions of a single superficial cell of the cushion, and when mature consists of 
a cylinder of cells projecting from the surface and of three cells occupying the 
cavity of the cylinder. The cylinder, or neck , of the archegonium consists of only 
four or five tiers of cells, and its free end is at first closed. The cells inside the 
cylinder consist of a large cell, the ovum , just below the surface of the cushion, 
while above this is a small ventral canal cell , and filling the greater part of the neck a 
long canal cell. When the archegonium is mature the neck opens at its free end, 
the remains of the canal cell and ventral canal cell, which have by now become 
disorganised, are pushed out, and the ovum is left at the bottom of the neck 
covered by mucilaginous material. In this material there is a substance called 
malic add (see below). 

The male gametes are formed in structures called antheridia. These are found 
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rather further from the notch in the prothallus than the archegonia. They are 
present in considerable numbers, and like the archegonia each is formed by 
divisions of a single superficial cell of the prothallus. The mature antheridium is 
roughly spherical in form. Its wall consists of three thin-walled cells. Two of 
these are ring-shaped, like a motor-car tyre, and form the side walls of the anther¬ 
idium, which is closed above by the cap-like third cell. The little space enclosed by 
these cells is at first occupied by a single central cell, but this soon divides to form 
a large number of cells which develop into the male gametes, the antherozoids or 
spermatozoids. These are tiny spiral structures, each bearing a tuft of cilia by 
which it swims, and with a spherical vesicle at one end. The spiral body consists 
chiefly of the nucleus. The vesicle is cytoplasmic, and is cast off before the sperma- 
tozoid enters the ovum. The spermatozoids are set free by the bursting of the 
antheridium when the lower surface of the prothallus is wet, and they then swim 
freely in the water. 

Fertilisation is aided by the malic acid in and near the archegonium, for this 
substance is ‘ attractive ’ to the spermatozoids which swim from lower concentra¬ 
tions to higher, so that eventually they enter the neck of the archegonium. Finally, 
one of them penetrates into the ovum and its nucleus enters that of the ovum. 
Since the nucleus of the zygote is formed by the fusion of the ovum nucleus with 
that of the spermatozoid, the zygote has the diploid chromosome number and is 
therefore the first cell of the sporophyte. 

However many ova in the prothallus may be fertilised, only one of the zygotes 
comes to full development. The first two divisions divide the fertilised ovum into 
four quadrants from which are later formed the first leaf, the first root, the stem, 
and an organ called the foot. While the stem, root and leaf are growing out, the 
young plant remains attached to the prothallus by the foot, and through this it 
absorbs nutriment from the tissues of the prothallus. Thus at first it lives as a 
parasite. Finally the root attaches the new plant to the ground, the leaves open 
out and become photosynthetic, while the prothallus withers away and the foot 
disappears. 

Comparison of the life-cycle of the fern with that of the moss shows a remark¬ 
able difference in the relative development of the gametophyte and sporophyte. 
In the moss the gametophyte is the independent, free-living plant, while the 
sporophyte is practically a parasite upon it, unable to live independently and 
nourished by the gametophyte. In the fern, on the other hand, the sporophyte is 

the large, elaborately constructed, long-living, 
independent plant, while the gametophyte is 
the little prothallus, of very simple structure, 
transient, and serving no other function than 
to produce a single young sporophyte. The 
emphasis has been transferred to that generation whose 
mode of reproduction, by means of asexually produced 
spores, is more suited to terrestrial conditions 

(P- «42)- 

The adaptation of the fern to terrestrial 
conditions is not complete ; the gametophyte 
generation is a dangerous period in its life- 
history. The fragility of the prothallus 
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and its inability to resist desiccation, together with the free-swimming sperm- 
atozoids and hence the need for external water if fertilisation is to occur, restrict 
most ferns to shady and moist situations. The bracken can invade dry heaths 
and hill-sides, partly because of the enormous lengths to which its rhizomes 
may grow, extending hundreds of feet away from the site where the prothallus 
gave birth to it, and partly because the prothalli can often survive, even on heaths, 
in such situations as the entrances to rabbit burrows and the like. It is only when 
we come to the flowering plants that we find the presence of external water no 
longer a necessary condition of fertilisation, and the prothallus, not indeed elimin¬ 
ated altogether, but taken under the protection of the sporophyte so that it no 
longer constitutes a phase of danger in the life-cycle. 



CHAPTER XV 

INVASION OF THE LAND BY ANIMALS : THE FROG 

We mentioned on pp. 134-137, in very general terms, a few of the changes 
made necessary in animals which left the aquatic environment for a terrestrial one. 

irst, of course, gill breathing was abandoned and lung breathing took its place. 
This was no very drastic change, for the fish ancestors of the amphibians 
already had lungs ; what was necessary was not the creation of lungs but merely 
further perfection of already existing structures, the closure of the branchial clefts 
and the abolition of the gills. Secondly, lung breathing involved a change in 
the arrangement of the blood vessels and in the structure of the heart ; this will be 
considered further below (p. 172). Thirdly, the fins of the fish were transformed 
into land-walking legs. There is, among the group of fishes believed to have given 
rise to the amphibia, at least one fossil species whose fins suggest that they could 
fairly easily have been transformed into legs. Fourthly, the body of a fish is sup¬ 
ported by water, but that of a land animal has to be held up in the more rarefied 
medium of the air ; hence the skeleton must be strengthened. Fifthly, the tail, 
used by the fish as its principal organ of locomotion, is useless for such a purpose 
on land ; instead, the paired limbs, which in the fish are rudders and hydroplanes, 
provide the driving force of locomotion. There is therefore, in terrestrial animals, 
a greater development of the limb muscles, and in the posterior limbs (because they 
are the chief propelling organs) a closer connection between the skeleton of the 
limb and the vertebral column. 

In addition to these changes there were others. Thus, the skin became resist¬ 
ant to evaporation, the olfactory organ, to detect traces of olfactory materials in 
very great dilution in the air, became more sensitive, and in relation with all 
these and with many other minor changes the nervous system was suitably 
modified. We see, however, that although the necessary alterations were numer¬ 
ous, they were all, compared to the very drastic change from the watery to the 
aerial environment, relatively slight. No new organs had to be formed ; in every 
case all that was required was a modification of something already present. The 
fish ancestor had lungs, heart, limbs, and so on, which could in the course of time 
be modified, each modification increasing the efficiency of the evolving terrestrial 
animal. It must be remembered that the time elapsing between the unchanged 
fish and the appearance of an animal that would be definitely classed among the 
amphibia would be of the order of millions rather than of thousands of years. 

External features 

The general appearance of the frog is well-known. It is about four inches long, 
is olive-green with black spots, but lighter underneath, and has a distinct head, 
two pairs of legs, but no tail. 

The structure of the skin is described on p. 328 It differs from that of the dog¬ 
fish in lacking scales or other hard structures of any kind, and also in the transfor¬ 
mation of the superficial layer of epidermal cells into a horny substance, keratin. 
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Fig. 103. The frog, Rana temporaria (after 
Borradaile, slightly altered). 


The keratinised layer is periodically shed. 

Keratinisation is rarely found in the epi¬ 
dermis of fishes but always in fully terres¬ 
trial animals, in which the keratinised part 
of the epidermis is much thicker than in the 
frog. It probably both helps to protect the 
skin against external damage and delays 
the evaporation of water through it. Ex¬ 
ternally the skin is covered with a thin 
layer of slimy material, secreted by glands 
the openings of which are scattered over 
the surface. Some of these glands secrete 
a poisonous substance ; in toads this is. 
sufficicndy unpleasant in the mouth to 
prevent Attack by animals like dogs. 

The colour of the skin is due partly to pigments contained in certain cells, 
called chromatophores, which lie just beneath the epidermis, and partly to certain 
features of minute structure which produce colour by ‘ interference \ The colour 
of a frog changes in different circumstances, like that of a chameleon (a reptile) 
but less drastically. If placed in a shaded vessel with a dull black interior surface 
and containing a little water (to make a moist atmosphere) a frog becomes dusky 
alter a few hours, and in two days goes intense black. If it is then transferred to a 
dry whitened vessel in bright light in a warm room it becomes visibly paler in two 
hours and in two days becomes light yellow. The chromatophores contain 
granules of pigment and their cytoplasm is produced into long processes, some of 
which extend into the epidermis, between its cells. In dark frogs the pigment 
granules are scattered all through each chromatophore, including its processes 
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is large and has five toes, which are joined to one another by a web of skin which 
assists in swimming. 

The cloacal aperture is between the hind legs. 

There are differences by which male and female frogs can be distinguished. 
In spring (the breeding season) the male frog bears on the base of his most anterior 
digit a pigmented and rough swelling, the nuptial pad, which enables him, when 
copulating, to hold his slippery mate. At other times of the year this feature is 
still detectable, but less prominent. In addition, male frogs tend to be slimmer in 
figure, females stouter, especially when they contain eggs. 

The alimentary canal 

Buccal cavity and pharynx . The mouth has a very wide gape and is supported by 
bony upper and lower jaws. The upper jaw has on each side a row of small 
conical teeth , but the lower jaw is toothless. There is also a group of teeth in the 
middle of the roof of the large buccal cavity. 

There is a fleshy tongue which when at rest lies with its tip backwards. In the 
capture of insects it is flicked out of the mouth and the prey caught by the sticky 
mucus with which it is covered. Besides insects, the frog also eats worms, which 
it shovels into its mouth with both hands. 
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Fig. 104. A frog dissected to show the alimentary canal. 
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Various apertures open into the buccal cavity and pharynx. Near the anterior 
end, just behind the upper jaw, are the internal nares or internal nostrils by which the 
olfactory cavities open into the buccal cavity. The dogfish has no internal nares 
but they are present in all terrestrial vertebrates. They are believed to have been 
formed by the closure of the fish’s oro-nasal groove (p. gg) into a tube in front of 
which the bone of the upper jaw was formed, so that the inner end of the tube 
opened in to the buccal cavity (p. 3gg). 

At its posterior end the buccal cavity passes, with little change in diameter, into 
the pharynx. In the floor of the pharynx a slit-like aperture is the glottis. Besides 
this, there is on each side near the anterior end of the pharynx a small opening, 
that of the Eustachian tube, a part of the ear (p. 177). In the male a pair of sacs 
open into the floor of the pharynx ; these vocal sacs are inflated and act as 
resonators when the frog croaks, calling the females. 

Oesophagus, stomach and intestine, liver and pancreas. The pharynx is continued 
backwards by a tube, the oesophagus, which passes into the peritoneal cavity and 
there enlarges to form the stomach. At the posterior end of the stomach there is a 
slight pyloric constriction and from this runs forwards, parallel to the stomach, a 
rather narrow tube, the duodenum. This turns backwards, becoming the ileum, 
which after coiling several times enlarges posteriorly to form the rectum. The 
rectum opens into the cloaca. 


The liver consists of two large lateral lobes and a small median one ; the left 
obe is itself deeply divided into two portions. The gall-bladder lies between the 
lobes of the liver ; it gives off the bile duct which passes through the pancreas and 
opens into the duodenum about half an inch beyond the pyloric constriction. The 
bdc duct receives tributary ducts from the lobes of the liver. The pancreas is an 
oblong cream-coloured gland lying in the mesentery between the duodenum and 
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(he stomach. It has no duct of its own, but pours its secretion into the bile duct 
which passes through it, and which is thus really a hepato-pancrcatic duct. 


The coelome ; peritoneal and pericardial cavities 

The perivisceral and pericardial cavities are both coelomic as in the dogfish, 
but in the frog there is no pericardio-peritoneal canal. The relation of the viscera 
to the coelome is, of course, as in the dogfish. 


Respiration and the voice 

The lungs and breathing. The glottis opens into a chamber, the larynx , from 
which a pair of short tubes, the bronchi , lead to the lungs. These are suspended, 
along with other viscera, in the peritoneal cavity, and their outer surfaces are 
covered by the peritoneum. Each lung is a thin-walled, elastic, air-filled sac, 
the cavity of which is continued into many small lateral chambers, the alveoli, 
which arc separated from one another by folds of the wall. Deoxygenated blood 
circulates in the septa between the alveoli and in the wall of the lung. Here, 
separated from the air by no more than the thickness of the capillary wall and of 
the very thin membrane lining the inner surface of the lung, the blood takes up 
oxygen from the air, and surrenders to it the carbon dioxide which it has carried 
away from the tissues all over the body. 

The frog has three ways of oxygenating its haemoglobin : by lung-breathing, 
by buccal breathing, and by breathing through its skin. In filling its lungs a frog 
depresses the floor of its buccal cavity with the mouth closed : air rushes into the 
enlarged cavity through the nostrils. The nostrils are then closed and the floor 
of the buccal cavity raised, forcing the air through the open glottis into the lungs. 
When these are filled the glottis closes and for a time the air is held in the lungs. 
Meanwhile, by raising and lowering its floor, air is repeatedly drawn into and 
driven out of the buccal cavity through the open nostrils ; gaseous exchange occurs 
between the air in the buccal cavity and the blood in the capillaries of its roof 
(buccal breathing). Soon the glottis is opened and the air in the lungs is dis¬ 
charged partly by the elasticity of their walls and partly by contractions of the 


muscles of the body wall. , , „ . t 

It is interesting to notice that in both the frog and the dogfish the air or water 
is drawn into the buccal cavity and pharynx by the contraction of muscles which 
run between the pectoral girdle and the visceral skeleton (in the frog, the body 
of the hyoid p. 161), and is sent thence over the respiratory surfaces (lungs or 
rills) by muscles which raise the floor of the buccal cavity and pharynx. This 
similarity in the breathing mechanism illustrates how the transition from aquatic 
to terrestrial life was simplified by the relative ease with which structures and pro¬ 
cesses already present in the fish could be adapted to terrestrial needs. 

Since the skin is exposed to air no movements are needed in cutaneous breath¬ 
ing It doubtless goes on aU the time, but is particularly important m winter, 
when frogs bury themselves in mud and practically the only respiration that occurs 

1S ^Ttwoke. The frog is the first animal we have met which possesses a voice. 
A pair of membranes (the vocal cords), crossing the cavity of the glottis, are set 
vibrating by air passing out from the lungs ; the intensity of the no.se produced 
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the kidney near its dorsal surface and open into the ureter (Wolffian duct, see below). 
This runs along the lateral edge of the kidney backwards to the cloaca, into which 
the two ureters open side by side on a pair of dorsally situated papillae. There is a 
large thin-walled urinary bladder opening into the ventral side of the cloaca. 

The reproductive organs. In the male a pair of testes lie close to the kidneys. 
From each about a dozen narrow tubes, the vasa effierentia, lead into one of the 
kidneys and conduct the spermatozoa through it to the Wolffian duct or ureter. This 
has, in males only, a swelling, the seminal vesicle, situated near the cloaca, in which 
spermatozoa are stored until needed, when they pass out through the cloaca. 
Since in males both urine and spermatozoa traverse the Wolffian duct, this is both 
a ureter and a vas deferens, or a urino-genital duct, while the papillae on which these 
ducts open into the cloaca are urino-genital papillae. 

In the female the pair of ovaries, which in the breeding season are very large 
organs packed with ova, causing the frog to bulge visibly, occupy a position similar 
to that of the testes. When ripe, the ova are shed into the peritoneal cavity and 
thence pass into the two oviducts. These are long coiled tubes which open into 
the peritoneum just behind the roots of the lungs, and thence run backwards to 



Fig. 108. A frog dissected to show the arteries and male urino-genital system. 
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The breeding habits are described on p. 178. 
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Fig. iio. Diagrams of the pro- and mesonephroi and their ducts, and of the repro¬ 
ductive ducts, in a generalised vertebrate. A> pronephroi ; B t mesonephroi ; C, meso¬ 
nephroi, gonads, and reproductive ducts. In C the condition in females is shown on the 
left, in males on the right. 


nephric tubules opened, degenerates along with the pronephros ; the posterior 
part persists as the mesonephric or Wolffian duct. The mesonephric tubules increase 
greatly in number, losing their segmental arrangement, and form a compact organ 
which is the kidney of adult fishes and amphibians. The nephrostomes become 
detached from the mesonephric tubules which thus come to end blindly in their 
Malpighian bodies ; the curious fate of the nephrostomes in the frog is described 
on p. 174. 

In fishes and amphibians, the adult kidney is thus the mesonephros and the 
mesonephric or Wolffian duct is obviously the ureter ; its other function, that of 
vas deferens, is mentioned below. In reptiles, birds and mammals (for example, 
the rabbit) pronephroi and mesonephroi are formed as in the lower groups but 
both are only transient ; and before the final disappearance of the mesonephroi 
still a third group of excretory tubules is formed on each side, posterior to the meso¬ 
nephros, and called the metanephros. In these higher animals it is the metanephroi 
which becomes the kidneys of the adult. They and their ducts are dealt with on 
p. 255. 

The reproductive ducts. We have seen that in the males of both the dogfish and 
the frog the spermatozoa pass from the testis to the vas deferens through a series 
of ducts called vasa efferentia. These develop from some of the mesonephric tubules, 
which at one end connect with the seminiferous tubules (p. 250) (of which the testis 
consists), while at the other they open into the Wolffian duct. That is why, in both 
the dogfish and the frog, the spermatozoa pass through some of the kidney tubules 
to reach the Wolffian duct. When, as in these two animals, the adult kidney is a 
mesonephros, it is usual for the Wolffian duct to be its ureter, and this is so in the 
frog ; since it also transmits the spermatozoa, the Wolffian duct is also the vas 
deferens. In the dogfish, conditions are a little exceptional. The Wolffian duct 
gives rise to the vas deferens, seminal vesicle, sperm sac, and urino-genital sinus, 
but the kidney ducts are enlarged mesonephric tubules (not its duct), and the 
only parts of the Wolffian duct which contain urine are in the male the urino- 
genital and in the female the urinary sinus. 
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In female vertebrates, the oviduct developes from a tube called the Mullerian 
duct. In most forms this develops independently of the various kidney ducts, but 
in the dogfish it is formed by splitting the segmental duct. 


The skeleton : replacing bones and membrane bones 

In the frog, unlike the dogfish, a large part of the skeleton consists of bone. In 
all animals having bony skeletons there is a stage of development when no bone 
has yet been formed but when considerable parts of the skeleton are already 
present as cartilage. When a bone is formed it develops in one of two ways : as 
a replacing bone or as a membrane or dermal bone. A replacing bone is developed 
in and upon a pre-existing cartilage ; the cartilage is destroyed and, concurrently 
with its destruction, bone is formed in its place. Parts of the original cartilaginous 
skeleton always persist in the adult ; thus in the adult frog the ends of the long 
bones of the limbs are cartilaginous and most of the original cartilaginous cranium 
persists. Membrane bones or dermal bones develop in the embryonic connective tissue 
without any cartilaginous precursor ; they are usually formed in the dermis but 
may sink deeper, becoming attached to the skull or pectoral girdle and forming 
parts of these or other structures. See also pp. 336-337. 

Most bones, and especially the long bones of the limbs, are hollow ; their 
central space, or marrow cavity, contains both fat and haematopoietic tissue (in 
which blood cells are formed). 


The vertebral column 

In the embryo of the frog and later in the young tadpole the notochord is 
present as an unjointcd rod, ventral to the brain and spinal cord. Later, as 
in the dogfish, it is replaced by a jointed vertebral column (Fig. 113) consisting 
of cartilaginous vertebrae, the centra of which take the place of the notochord 
while cartilaginous neural arches protect the spinal cord. During the change 
from tadpole to frog, the cartilage** the vertebrae is replaced by bone, so that the 
adult frog has a bony vertebral column and the vertebrae are replacing bones. A 
portion of the notochord persists in the middle of each centrum. 

In terrestrial vertebrates the functions of the vertebral column are not the 
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The frog's vertebral column is exceptionally short ; it has only nine vertebrae. 
The fourth, which may be taken as representative of vertebrae 2-7, has a small 
centrum which is concave in front and convex behind. Such centra are said to be 
procoelous. The centra of adjacent vertebrae evidently make a ball and-socket 
joint, an arrangement permitting more movement than is possible between the 
amphicoelous vertebrae of the dogfish. The neural spine is exiguous. The trans¬ 
verse process is large and its development shows it to be in reality a compound 
structure, for a tiny rib at first develops independently but then fuses on to it. 
The zygapophyses arise from the neural arch anteriorly and posteriorly. The 
anterior zygapophyses, or pre-zygapophyses, bear articular facets facing downwards 
while those of the post-zygapophyses face upwards. The articular surfaces of the 
zygapophyses are smooth, and those of one vertebra permit a limited sliding move¬ 
ment on those of its neighbours, so that the column can bend slightly. The verte¬ 
bral column of the frog is much more rigid than in many other animals. 

The first vertebra, which is called the atlas y is specialised in connection with 
the articulation of the head. It has no transverse processes and no pre-zygapo- 
physes, its centrum is small, and instead of being simply procoelous bears two 
concave facets for articulation with the occipital condyles of the skull. The head 
can move slightly on the vertebral column in a vertical plane. 

In fishes the force exerted by the myotomes is transmitted to the vertebral 
column over its whole length through the framework of myocommata and other 
sheets of connective tissue ; it follows that no particular part of it is specialised to 
take the strain. In the land-living vertebrates the propulsive force is exerted 
chiefly by the hind legs and is transmitted to the vertebral column through the 
pelvic girdle and a particular vertebra to which the pelvic girdle is attached. This 
vertebra is known as the sacrum and is always more or less specialised in relation 
to its particular function. In the frog it is the ninth vertebra. Its transverse pro¬ 
cesses are large and slope backwards, and at their ends articulate with the pelvic 
girdle ; it is therefore through these that the strain is transmitted, a fact which 
accounts for both their backward slope and their robust form and size. The 
anterior face of the centrum is convex ; in all probability this gives the vertebra 
greater strength than it would have if its anterior end were hollowed out just at 
the base of the transverse process. Since the ninth vertebra is the last it has no 
post-zygapophyses. The posterior face of the centrum bears two small convex 
facets for articulating with the urostyle (see below). ^ 

Since the ninth vertebra is convex in front, it is not surprising that the eighth 

is concave at both ends. 

In the vertebral column behind the ninth vertebra, the vertebrae are com¬ 
pletely fused together in a structure called the urostyle. This is a spine of bone, 
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which houses the extreme posterior end of the spinal cord and part of the tenth 
spinal nerve. 

The spinal nerves escape through intervertebral foramina between the neural 
arches of adjacent vertebrae, except the tenth which leaves by a hole near the 
anterior end of the urostyle. 


The skull 

The skull is more complicated than in the dogfish and consists partly of 
cartilage, partly of replacing bones, and partly of dermal bones. It is made up, 
as in the dogfish, of the cranium, sensory capsules and visceral skeleton. 

The cranium is a box composed mainly of cartilage but in the adult parts of this 
have been destroyed and replaced by bone. Besides these replacing bones, certain 
dermal or membrane bones are added to the skull externally. The fusion to the 
cartilaginous cranium of the olfactory capsules antero-laterally, and postero-laterally 
of the auditory capsules , give it a general resemblance to that of the dogfish. A 
larg efontanelle in the roof is in the intact skull covered by a pair of membrane 
bones (see below). 

In two places the cartilage of the cranium is replaced by bone (Fig. 113). On 
each side of the foramen magnum there is a replacing bone, the exoccipital, bearing 
a prominence, the occipital condyle, for articulation with the atlas. A ring-shaped 
sphenethmoid bone replaces the cartilage near the anterior end of the cranium. 
Except for these bones, the cartilage persists unchanged in the adult, but much of 
it is hidden from view by three large membrane bones which are, as it were, 
plastered on to the cranium from outside. Two of these are the paired fronto- 
parietals, covering the roof of the cranium and overlying the fontanelle. On the 
ventral aspect of the cranium is a dagger-shaped membrane bone, the parasphenoid, 

whose hilt extends laterally beneath the auditory capsules while its point lies 
beneath the sphenethmoid. 

The olfactory capsules are cartilaginous and are fused to the cranium antero- 
laterally as in the dogfish. A small triangular membrane bone, the nasal, overlies 
each capsule dorsally, and below each capsule, helping to form the roof of the 

buccal cavity, is another pair of small membrane bones, the vomers, which bear 
the vomerine teeth. 


The auditory capsules, too, are cartilaginous, except for a single replacing bone 
the pro-oltc, in the anterior wall 


of each. 

As in other vertebrates, the 
cartilaginous optic capsules 
enclose the eyes and are 
not attached to the cran¬ 
ium. 

As in the dogfish a visceral 
skeleton develops in the meso¬ 
dermal visceral arches, in the 
most anterior of which (the 
mandibular mesodermal arch) 
the upper and lower jaws are 
formed. 
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n the dogfish the palato-pterygo-quadrate or palato-quadrate cartilage is the 
upper jaw and1 is attached to the cranium by ligaments anteriorly and posteriorly 
and suspended by the hyomandibula posteriorly (hyoslylic suspension). In the 
frog the palato-quadrate is fused directly to the cranium in front and to the 
auditory capsule behind {autostyhc suspension), the hyomandibula not being con- 

”™f d ’ a " d 11 d ° e , S n f 0t form the u PPer jaw. A bar of cartilage projecting down- 

, ds r " d outwards f rom its posterior end is the quadrate cartilage. The free lower 
end of tins articulates with the lower jaw. The palato-quadrf te is strengthened 
by two membrane bones on each side : the palatine, a narrow splint applied to the 

a , n i .TiJ' C>0t of palato-quadrate, and the tri-radiat e pterygoid, which stiffens 
the middle portion of the palato-quadrate and gives off a process which follows the 
palato-quadrate to the auditory capsule, and another backwards and downwards 
underlying the quadrate cartilage. 

The structures so far mentioned form a system of struts supporting another 
series of membrane bones which form the actual upper jaw. These are anteriorly 
a pair of small premaxillae which meet one another in the mid-line at the anterior 
end of the skull, a maxilla , which runs backwards on each side forming the lateral 
boundary of the skull, posteriorly meeting the quadrato-jugal , a small splint of bone 
which extends to the end of the quadrate cartilage. Here it meets the lower end of a 
T-shaped bone, the squamosal , of which the long stem overlies the quadrate cartilage 
while the cross-piece is attached to the skull in the region of the auditory capsule. 
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Fig. i 13. A, frog’s skeleton, dorsal view ; B t lateral ; and C, ventral view of the skull. 
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Both the premaxillae and maxillae bear teeth which are fused to them and not 
merely embedded in the skin, as in the dogfish. It is believed that they, along 
with die pterygoids, palatines, vomers and other membrane bones not present in 
the frog may originally have come into existence as bony plates supporting the 
teeth and then, enlarging, have gradually usurped the original jaw-forming 
function of the palato-quadrate cartilage. 

In-the lower jaw, Meckel’s cartilage is present on each side, as in the dogfish, 
and the two cartilages meet in the mid-line in front. On each side of this sym¬ 
physis some of the cartilage is replaced by a small bone, the mento-meckelian. Be¬ 
sides this, there are two membrane bones on each side. The larger is the dentary , 
which covers the outer aspect of Meckel’s cartilage in its distal part ; the other is 
the angulo-splenial, which lies along the inner face of Meckel’s cartilage. The 
ancestors of the frog undoubtedly had teeth in their lower jaws, but these have 
been lost. 

The hyoid and branchial arches , which are the skeleton of the pharynx, are of 
particular interest in the frog because they show in a single life-history how a group 
of structures, originally developed in connection with the needs of an aquatic life, 
became transformed in adaptation to terrestrial conditions. The young of the frog is 
the tadpole, a fish-like creature breathing by means of gills. It has a cartilaginous 
hyoid arch and four branchial arches which in principle resemble those of the dog¬ 
fish. The hyoid arch is divided into two parts. The upper part, or hyomandibula, 
plays no part in the support of the jaws, and being thus deprived of what in the 
dogfish is its chief function, is very much smaller than in that animal and has 
acquired a quite different function. It has become the columella, a small bone 
subservient to the sense of hearing (p. 177). The remainder of the hyoid arch, or 
cerato-hyal, is in the adult a long slender bar of cartilage, whose upper end is fused 
with the auditory capsule, thence curving downwards and forwards to join the 
anterior comer of a flat median plate of cartilage lying in the floor of the buccal 
cavity and pharynx. The flat plate is known as the body of the hyoid , and the 
£ a l rtl ! ag ' nou r s ™ ds derived from the cerato-hyals as the anterior horns of the hyoid. 
I he body of the hyoid is formed from the ventral parts of the hyoid arches of the 
tadpole and of some of the branchial arches. It gives off two posterior horns which 
are relatively short and stout, and whose cartilage is replaced by bone ; they help 

to support the larynx. The function of the body of the hyoid is mentioned on 
P. I52. 

The limb girdles 

The pectoral girdle (Fig. 114) of the frog resembles that of the dogfish in consisting 
of two scapulo-coracoid bars which meet and fuse in the mid-venial line. In thf 

T PU ar r P ° rtion (dorsaI to the S len °id cavity, a depression for 
arucidation with die bone of the upper arm) is wide and fan-shaped and t“ 

The°b idPOr f ,; ° niS , Pi ' rad , by3 ■“* h ° k ' 
™ “-“id. procoracoid, and^coJoid (£ ^ 
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A short rod-like replacing bone capped with a plate of cartilage projects for¬ 
wards and backwards from the anterior and posterior ends, respectively, of the 
epicoracoids, and together constitute the sternum (which does not correspond 
exactly with the similarly named structure in mammals). 

The larger size of the scapular region of the girdle and the strengthening of 
this and other parts of the girdle with bone, reflect the greater development in 
the terrestrial animal of the musculature of the limb. Important parts of this 
muscle system arise from the girdle and pass into the free limb, while other muscles, 
also concerned in movements of the limb, run from the girdle, and especially from 
its scapular portion, to the skull and vertebral column. The greater development 
of the limb results in the placing of heavier strains on its fulcrum ; these strains are 
resisted by two struts, the coracoid and the procoracoid with its clavicle, the strains 
of opposite sides balancing at the abutment of the epicoracoids. The two com¬ 
ponents of the sternum appear to have the function of increasing the length of 
skeletal surface available for the insertion of muscles. 

An important function of the girdle in the dogfish, the attachment of muscles 
depressing the jaw and pharyngeal floor, persists in the lung-breathing frog. The 
principal muscles depressing the body of the hyoid, and so enlarging the buccal 
cavity and drawing air into it, run to it partly from the coracoid portion of the 
girdle, just as in the dogfish they run from the coracoid bar to the hyoid and 
branchial arches. 

The pelvic girdle of terrestrial animals differs from that of the dogfish in two 
principal respects : (i) it is continued above the acetabulum by a large process, 
the ilium, which becomes attached to the transverse process of the sacral vertebra, 
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Fig. i 14. Above, pectoral girdle of the frog, dorsal aspect ; left, the suprascapula has 
been turned outwards to show the ventral parts. Below, left, the pelvic girdle of the 
primitive fossil amphibian (Cacops) seen from the right side. Below, right, the pelvic 
girdle of the frog seen from the left side. 
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(2) three replacing bones develop on each side in the original cartilaginous girdle. 
These bones are ( a ) the ilium, in the dorsal arm of the girdle just mentioned, 
( b) the pubis, developed in the ventral part of the girdle, anteriorly, and (cj the 
ischium, developed posteriorly in the ventral part. A very simple girdle of this type 
is shown in Fig. 114 ; it is that of the very primitive and very ancient fossil 
amphibian Cacops. 

In the frog the pelvic girdle is, in accordance with the remarkable hopping 
gait, very specialised. While in Cacops the two ilia are relatively short bones 
extending almost vertically upwards from the acetabula, in the frog they are 
greatly lengthened and extend almost horizontally backwards from the sacrum, 
parallel to the urostyle, beneath whose posterior end they expand, forming the 
antero-dorsal half of a thick disk of bone and cartilage. The remainder of the disk 
consists of the much reduced pubis, which remains cartilaginous and forms a 
ventral sector of the disk, and of the ischium, which is bony and completes the 
posterior sector. On each side of the disc is a deep depression, the acetabulum, 
with which the thigh bone articulates, and of which each of the three bones forms 
a part. 

There is obviously a general resemblance between the pectoral and pelvic 
girdles, the scapula corresponding with the ilium, the procoracoid with the pubis, 
and the coracoid with the ischium. A very important difference is the attachment 
of the ilium to the sacral vertebra. This occurs in all terrestrial animals except 
perhaps some of the most primitive amphibian fossils, but it docs not occur in any 
fish. Such a union with the vertebral column is never found in the pectoral 
girdle, whose relative freedom doubtless assists the versatility of movement seen 
in the fore limbs of many animals, as in man. 


The ideal pentadactylic limb 

There is some degree of resemblance between the limb girdles of fishes and 
terrestrial vertebrates but, as is to be expected from the very different functions 

P rl 0n ?l d m thC tW ° ? asCS) ver y little between their free limbs. The paired fins 
of the fish are not its chief organs of locomotion, do not support the weight of the 

^other^n feUd* ? h ° W 5 any ’ movements of their parts upon one 
another. In land animals, on the other hand, it is the paired limbs by which loco- 

monon is earned out, each limb is a system of levers freely moving upon one another 

ir " bS mUS . t 0fUy be able to su PPort the weight of the body, which is 
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Fig. i 15. Diagram showing the parts of the ideal pentadactyle limb, and their names in 

fore and hind limbs. 

proximal row of three small bones, a distal row of five, and a single small bone 
between the rows. These bones are called carpals in the wrist, tarsals in the ankle. 
They are given different individual names in comparative and human anatomy ; 
since the former names are more descriptive and easier to remember they will be 
used here, but some of those used in human anatomy are given in brackets. The 
proximal carpals are the radiale (scaphoid) opposite the radius, the intermedium 
(lunatum), and the ulnare (cuneiform ) opposite the ulna. Those in the distal row are 
the first to fifth distal carpals ( trapezium, trapezoid, magnum, unciform = distal carpals 4 
4- 5 fused). The bone between the proximal and distal rows is the centrale. In the 
ankle or tarsus, the bones of the proximal row are the libiale, the intermedium (these 
together probably corresponding with the human astragalus) and the fibulare 
(,calcaneum), those of the distal row the first to fifth distal tarsals (four cuneiforms and 
the cuboid) and between the two rows is the centrale ( navicular ). 

Beyond wrist and ankle come hand and foot. Each consists of five long bones 
called metacorpals in the hand and metatarsals in the foot. These bones support the 
undivided parts of the hand and foot, and beyond them come the five free digits, 
each of which consists of bones called phalanges, ideally two in the preaxial (see 
below) digit and three in the others. 

In addition, there is usually over the anterior face of the knee joint a bone 
called the patella, or knee-cap, a replacing bone which develops in a small nodule 
of cartilage and which is embedded in a tendon. A number of other small bones 
are found in different tendons of various animals ; they are collectively called 
sesamoid bones and often develop without a cartilaginous precursor. With this 
exception, all the limb bones are replacing bones. 

The bones of the limbs, especially the long bones, are usually expanded at 
their ends to form articular structures by which they make joints with the bones 
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proximal and distal to them, and they frequently bear ridges, knobs, and other 
surface markings concerned with the attachment of muscles. 

When the pentadactyle limb is represented as stretched out horizontally from 
the trunk, it is seen to have dorsal and ventral surfaces and anterior and posterior 
margins. The anterior margin is said to be pre-axial and the posterior post-axial. 
Thus in the fore-limb the radius and first digit (thumb or pollex), and in the hind 
limb the tibia and first digit (big toe or hallux), are pre-axial. It is important to 
understand that although, when the limb is in this position, ‘ pre-axial ’ is the 
same as ‘ anterior ’, and 4 post-axial ’ the same as 4 posterior ’, this is by no means 
the case for all the positions and attitudes of pentadactyle limbs (pp. 284, 285). 

The pentadactyle limbs must be derived from fins. Unfortunately no fossil 
has been discovered showing just how a fin was transformed into a walking leg, 
but fossil fishes are known, belonging to the group thought on other grounds to 
include the ancestors of the amphibia, whose pectoral fin skeletons sufficiently 
resembled the pentadactyle limb for such a transformation to appear possible. 


The pentadactyle limbs in the frog : locomotion 

In the frog, whose mode of locomotion is very exceptional, both limbs show 
specialised modifications away from the pentadactyle plan. In the anterior limb, 
the humerus is swollen at its proximal end to form the head , which articulates with 
the glenoid cavity, and at the distal end to form the trochlea for articulation with 
the bones of the fore-arm. Running from the head down the proximal half of the 
antero-ventral surface is the prominent deltoid ridge, to which muscles are attached. 
On either side of the trochlea is a condylar ridge. In the fore-arm the radius and 
ulna are fused together to form a single radio-ulna, whose double origin is clearly 
indicated by a groove which imperfectly divides its more distal parts into prc- 
axial or radial and post-axial or ulnar parts. The proximal end of the radio-ulna 
is concave, for the reception of the trochlea of the humerus, and the ulnar com¬ 
ponent projects behind the concavity as the olecranon process or 4 funny bone \ 
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of the legs increases the time 
during which the feet remain in 
contact with the ground and push¬ 
ing against it, while the position of 
the acetabulum, at the extreme 
posterior end of the animal, en¬ 
sures that the legs, in spite of their 
elongation, shall press against the 
ground behind and below the 
animal’s centre of gravity, which 
in the frog is situated a little behind 
the sacrum. The force exerted by 
the extending legs tends to throw 
the frog in the direction of a line 
passing from its feet through the 
centre of gravity. If the ilium 
were shorter and the acetabulum 
further forward, bringing the feet 
in front of the centre of gravity, the animal in attempting to jump would tend to 
perform a backward somersault. 

The muscles 

The abandonment by land vertebrates of the tail as the organ of locomotion, 
and the promotion to this office of the paired appendages, would lead us to ex¬ 
pect that both the movements of locomotion, and the anatomy of the muscles, 
would even in the more primitive terrestrial forms be radically different from 
those of fishes. Neither is the case. In the less specialised amphibia, like sala¬ 
manders and newts, the backward and forward movements of the limbs are carried 
out partly by sinuous undulations of the trunk. When the trunk is bent with its 
concavity to the left, the right anterior limb is advanced in front of the left, while 
at the same time the left hind leg is in front of the right. When the curvature of 
the trunk is reversed, the right hand and left foot remaining stationary, the left 
hand and right foot are thrown in advance of them. These sinuations of the trunk 
are the same movements as, in fishes, are continued backwards into the tail and 
cause it to beat against the water. It is therefore not surprising to find that the 
trunk muscles of the less-specialised amphibia (like newts and salamanders) are 
arranged in segmental myotomes very much as in fishes. Of course this is not 
the whole story, for the limbs, besides being passively moved by the undulating 
trunk, are pulled forwards and backwards, and flexed or extended, by muscles 
running into them from the trunk and by intrinsic muscles of their own. Like 
those which work the fins of the dogfish, these limb muscles introduce a certain 
disturbance into the segmental arrangement of the trunk musculature ; but 
because pentadactyle limbs are necessarily provided with a richer musculature 
than fins are, the disturbance is greater than in the dogfish. 

In the very special locomotion of the frog the sinuous trunk movements have 
been abandoned, and indeed the trunk retains very little power of movement. 
In addition, the limbs are very much bigger compared to the trunk than they are 
in newts and salamanders, and require a correspondingly strong and elaborate 
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Fig. 11 6 . A , Three successive positions in the hop of 
a frog (after photographs by Hirsch) ; B, two succes¬ 
sive positions in walking in a lizard (after Hesse). 
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musculature. The result is that, although in the embryo the muscles have the 
same segmental origin as in less specialised amphibians, only traces of this arrange¬ 
ment can be found in the adult frog, but may be recognised in the bands of muscle 
which run mid-ventrally along the belly and dorsally on either side of the spinal 
column, both of which are divided transversely by bands of fibrous tissue which 
represent myocommata. 

The blood vascular system 

The heart. The frog’s heart has more nearly the shape seen in the higher 
animals than has that of the dogfish ; this is due to its increased curvature, for 
the auricles are pushed forward so as to lie anterior to the ventricle (though 
morphologically posterior to it). 

It consists of five chambers, instead of four as in the dogfish, for the auricle is 
divided by a partition, the inter-auricular septum , into right and left auricles. The 
thin-walled, triangular sinus venosus, lying dorsal to the auricles, receives de- 
oxygenated blood in three great veins : the right and left precaoals or anterior 
venae cavae and the postcaval or posterior vena cava. It opens into the right auricle , 
the aperture being guarded by sinu-auricular valves. The le/l auricle receives 
oxygenated blood from the lungs in a single pulmonary vein (formed by the junction 
of right and left pulmonary veins). 

Both auricles open into the undivided ventricle through a single aperture guarded 

y valves. It follows that there must be some mixing of the two kinds of blood in 

the ventricle From the ventricle the blood passes into the fifth chamber of the 

J . r > a 7 S P ira . Hy ‘ tWlst ed tube, called the truncus arteriosus. This is made up of two 

art^ J^l Tr Par \ an ? * hat nearer the ventricle, is the thick-walled co/m 

cnminT (d , nved from t} ? c b “ lbus cordis of the embryonic heart, p. 392) and this 
continues into an extremely short, comparatively thin-walled ventral aorta (which of 
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Fig. i 18. Diagram of the heart and arterial arches of the frog, showing the suppled 
course of oxygenated, de-oxygenated and mixed blood ; but see p. 169, footnote. Ihe 
arteries given off from the systemic arch are omitted. 

divides into the internal carotid or lingual artery and the external carotid, of which the 
external carotid bears a little swelling, the carotid labyrinth , the lumen of which is 
converted into a labyrinth by folding of the walls. The next arch is the systemic 
which, through the dorsal aorta> supplies the trunk and limbs, and the third is 
the pulmo-cutaneous, taking blood to the lungs and skin (in the frog a respiratory 

g When, after contraction of the auricles, the ventricle is full, it contains, on the 
right side, de-oxygenated blood from the right auricle, on its left side oxygenated 
blood from the left auricle, and between them a mixture of oxygenated and de- 
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oxygenated blood. When the ventricle contracts the de-oxygenated blood is sent 
into the pulmo-cutaneous arches and so to the lungs and skin, the mixed blood 
passes into the systemic arches and through the dorsal aorta to the trunk and limbs, 
while the most highly oxygenated blood is sent through the carotid arches to the 
brain and other parts of the head. The manner in which these three streams are 
kept distinct is complex and imperfectly understood. 1 It depends upon several 
factors, (i) Since the aperture into the conus arteriosus is towards the right hand 
side of the ventricle the three kinds of blood leave the heart in the following order : 
first the de-oxygenated, then the mixed, and lastly the oxygenated. (2) The 
pressure which the contracting ventricle must overcome in forcing blood into the 
arterial arches is at first lowest in the pulmo-cutaneous trunk and*then, as the con¬ 
traction continues and the capillaries in the lung and skin are filled, in the systemic 
trunks. Finally, as the systemic capillaries in their turn fill, the pressure in this 
arch is raised, while simultaneously the ventricle, now developing its maximal 
force, overcomes the resistance offered by the carotid labyrinth and forces the 
oxygenated blood through the carotid arch. (3) The contraction of the conus 
arteriosus so alters the position of the spiral valve that after first admitting blood 
into the pulmo-cutaneous arteries it later prevents blood from entering them. 

The arteries The external carotids, or lingual arteries, run forwards and supply 
the muscles of the tongue, while the internal carotids go round the sides of the head 
to the orbit, whence its principal branch enters the skull to supply the brain 
The two systemic arteries run posteriorly and encircle the oesophagus, uniting 
with one another dorsally just below the vertebral column forming the dorsal aoJ 
This runs backwards until, at about the level of the posterior ends of the kidneys 
“ d ‘^ dcs . V? 10 the lllac arU ™, whose course is described below. V 

anrl H he f °, ° Wmg " l A he P rinci P ar arteries given off from the systemic arteries 
and dorsal aorta. (1) An oesophageal artery is given off from each systemic arch to 

the oesophagus. (2) An occipito-vertebral artery arises from the systemic arch on 
m thM of the systemic arches and has two main branches : the arm^ 
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Fig uq A frog dissected to show the arteries and peripheral nervotrs system. The 
hcllt hiJ been turned forward to show the sinus venosus and the cardiac branch of the 


vagus. 
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auricle. The de-oxygenated blood / ' s s { ^"S u0, 

from the rest of the body travels to the /f \ f /\\mondibulor 

heart in the right and left precaval / I 1 V \x external jugular 

veins and the single postcaval, all of 
which open into the sinus venosus. 

Each precaval is formed by the con¬ 
fluence of three veins : (a) the external 
jugular which comes from the head, precovol 
and is itself formed by the slender and 
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sinuous lingual vein from the tongue, 
and the mandibular vein from the outer 
margin of the lower jaw ; ( b) the 
innominate vein, coming from dorsal 
regions, where it is formed by the con¬ 
fluence of the internal jugular vein 
which returns blood from the cranial 
cavity and orbit, and the subscapular 
vein coming from the shoulder and alimentary 
the back of the arm ; (c) the subclavian canal 
vein, formed by the brachial from the 
upper arm and by the musculo-cutaneous 
vein from the skin and some of the 
muscles. Much of the blood in the 
musculo-cutaneous vein must have 
been oxygenated in the skin. The 
single postcaval is formed between the 
kidneys by the union of four or five 
renal veins on each side. A similar 
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Fig. 120. Chief veins of the -frog, the 
pulmonary veins omitted. 


number of spermatic or ovarian veins open into it between the renal veins The 
postcava runs fonvards, dorsally to the fiver, from which it receives a pair of hepatic 
veins just before it enters the sinus venosus. ” 

Like the dogfish, the frog has two portal systems. On each side, blood is brought 
from the outer aspect of the hind leg into the trunk by a femoral vein, and fronfits 
inner aspect by a sciatic van. In the posterior part of the abdomen the femoral and 

alZthZ ,° f e * ch formin S the renal Portal vein, which runs forwards 

along the outer edge of the kidney, into which it sends branches. These break un 
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each of which enters one of the lobes of the liver and there branches into capillaries. 
The liver thus receives de-oxygenated blood from the hind limbs and gut, but also 
oxygenated blood through the hepatic artery, a branch of the coeliaco-mesenteric. 
All the blood in the liver leaves it through the hepatic veins and postcaval. 

Comparison with the vascular systems of the dogfish and tadpole. It is obvious at a 
glance that some of the principal differences between the blood vascular systems of 
the frog and dogfish are in the heart and arterial arches, and are connected with 
the different modes of respiration. In the dogfish the heart receives nothing but 
de-oxygenated blood and sends it in a single circulation first through the gills and 
thence in arteries to the capillary systems all over the body, whence veins bring it 
back to the heart. In the frog there is a double circulation ; de-oxygenated blood 
entering the sinus venosus is sent to the lungs, after oxygenation returns to the left 
auricle, and is then sent round the capillaries of the rest of the body. There are 
thus two streams of blood in the heart, and it seems important that they should be 
kept apart, so that only oxygenated blood should go to the head, trunk and limbs, and 
only de-oxygenated blood to the lungs. However, we have seen that at least some 
mixing does occur in the ventricle. Now, in the fishes, with their single cirulation, 
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no such contamination of the oxygenated blood 
occurs. The frog’s heart is imperfectly adapted to 
the needs of a lung-breathing animal, and indeed 
complete separation of the two streams of blood is 
not achieved in any terrestrial animal below the 
level of the birds and mammals. This imperfection 
helps to emphasise that the frog is far from being a 
perfectly constructed land organism ; it represents 
a stage in vertebrate evolution when life on land is 
indeed possible, but before the more perfect adapt¬ 
ation seen in mammals and birds. 

A resemblance between the heart of the frog 
and that of the fish is obvious. The arterial arches, 
on the other hand, show at first sight very little 
resemblance between frog and fish, and raise the 
question, how did the frog get these vessels ? Light 
is thrown on this problem by the tadpole of the frog 
which, being itself an aquatic, gill-breathing animal, 
has a vascular system like that of a fish. It has 
four branchial pouches which open to the exterior. 

Gills are born on the three inter-branchial septa and on the posterior wall of the 
last branchial pouch. Blood is brought to their capillaries from the ventral aorta 
in four afferent branchial arteries and is carried away in four efferent branchial 
arteries which open into the dorsal aorta (strictly, the ‘ lateral dorsal aorta for 
the anterior end of the dorsal aorta is forked). When the tadpole turns into a 
frog these arteries undergo a series of changes : (i) the capillaries in the gills 
disappear, as do the gills themselves, and the afferent and efferent parts of each 
arch become joined so as to form single vessels, instead of being separated by the 
gill capillaries ; (2) the internal carotid is formed from the first branchial arch and 
the lateral dorsal aorta anterior to it ; (3) the external carotid develops as a for¬ 
ward continuation, on each side, of the ventral aorta which is forked anteriorly • 
(4) the systemic arch is derived from the second branchial arch on each side ; (5) 



Fig. 122.Thccirculation.Oxy¬ 
genated blood white, dc-oxygcn- 
ated black, mixed blood stippled. 
Sec the footnote on p. 169. 
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the pulmonary arch is formed from the fourth branchial arch on each side ; (6) 
the remaining parts of the arterial arches of the tadpole disappear. The cutaneous 
artery develops as a branch of the pulmonary. 

1 hus, the arterial arches found in the frog are formed from those present in the 
tadpole by the suppression of certain parts, and the modification of others, and 
not by the creation of a completely new set of arteries. The history of the individual 
shows us how the structure seen in the terrestrial adult must have evolved from 
those of the ancestral fishes of far away Devonian times. 

It is not only in the arterial system that the tadpole helps in the interpretation 
of structures in the frog. Its venous system too is fish-like, for opening into each 
side of its sinus venosus is a duct of Cuvier, from which arise anterior and posterior 
cardinal veins, while a lateral vein, corresponding with the lateral abdominal of 
fishes, runs in the lateral body wall to the sinus venosus, and posteriorly will later 
receive the iliac veins. When the tadpole turns into a frog the duct of Cuvier 
becomes the precaval while the innominate and internal jugular are derived 
partly from the anterior cardinal. The two posterior cardinals fuse with one 
another betweeen the kidneys and, with a new median vein in front of them, form 
the postcaval, while their more anterior parts disappear. The lateral veins fuse 
with one another, lose their connection with the sinus venosus, and become the 
anterior abdominal vein. 


The lymphatic vascular system 

Blood is confined to the blood vessels, and the cells making up the various 
tissues and organs are not directly bathed in it but in a liquid called inter-cellular or 
tissue fluid. Tissue fluid closely resembles blood from which the red corpuscles have 
been removed, and it is in fact almost unaltered blood plasma which has filtered 
out through the walls of the blood capillaries leaving the corpuscles behind. In 
function it is the middle-man between the blood and the tissue cells, for everything 
which passes from one of these to the other (oxygen, carbon dioxide, food materials, 
etc.) must pass through it. The tissue fluid is continually being formed by filtra¬ 
tion from the blood and as continually being removed in thin-walled vessels, the 
lymphatics , in which it is called lymph. 

The smaller lymphatics combine, forming larger trunks and these open into 
the venous system. Thus the lymph originates as tissue fluid, itself a filtrate from 
the blood in the capillaries, passes through the inter-cellular spaces, and is returned 
again to the blood by the lymphatics. In the frog a lymphatic vessels opens into a 
vein at four places : on each side beneath the pectoral girdle and near the posterior 
end of the urostyle. At its opening into the vein the lymphatic vessel bears a small 
rhythmically contractile sac, called a lymph-heart, which drives the lymph into the 
vein. In addition, coelomic fluid, which is almost identical with lymph, passes 
from the peritoneal cavity into little veins in the kidneys through tiny funnels 
which are the nephrostomes detached from the mesonephric tubules and in the 
frog secondarily devoted to this function, 

In the frog some of the lymphatic vessels are enormously dilated, forming huge 
subcutaneous lymph spaces between the skin and the muscles of the body wall. It 
is because of these spaces that the skin of the frog is so loosely attached. 
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The nervous system 

As in all vertebrates, the mechanism by which the frog co-ordinates its activities 
in accordance with its internal needs and with events in the outer world consists of 
the sense organs, the nervous system, and the system of endocrine glands. It is 

._• _ . _ J _ - 1 n _.. '.L -L _ 


convenient to deal first with the 
nervous system. No account will 
here be given of the endocrine 
glands but the action of certain 
of them on the transformation of 
the tadpole into a frog is de¬ 
scribed on p. 179. 

The brain. The brain has the 
same fundamental structure as in 
the dogfish and other vertebrates. 
The fore-brain has a pair of dis¬ 
tinct elongate-oval cerebral hemi¬ 
spheres, each containing one of the 
lateral ventricles, and separated 
from one another by a deep 
groove. Anteriorly are given off 
a pair of rather small olfactory 
lobes. The diencephalon has the 
anterior choroid plexus , optic thalami, 
infundibulum and pituitary gland , 
all much as in the dogfish, and 
in the tadpole there is a pineal 
stalk with attached pineal body, but 
in the frog the pineal body is de¬ 
tached from the stalk and lies 
outside the skull. The mid-brain 
does not much differ from that 
of the dogfish, but in the hind¬ 
brain the cerebellum is very 
much smaller, reflecting the very 
much slighter importance in the 
frog of the principal function of 
this part of the brain, the control 
of equilibration (see p. 261). 

The cranial nerves. The ten 
cranial nerves are distributed in 
much the same manner as in the 
dogfish, with the important dif¬ 
ference that the nerves supplying 
apparatus (IX, branchials 
of X) are in the adult frog either 
absent (branchials of X) or 
turned to other functions (IX). 
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In the tadpole, which has both gills 
and lateral line, the resemblance to 
the dogfish is more complete. 

The spinal cord and spinal nerves. 
The spinal cord is very short ; at the 
level of the sixth or seventh vertebra 
it dwindles to a mere thread running 
backwards in the canal within the 
urostyle. There are ten spinal nerves, 
an unusually small number but to be 
expected in an animal with so short 
a spinal cord. Each arises by dorsal 
and ventral roots, and each dorsal 
root bears a ganglion. Immediately 
after its formation by the union of the 
roots each spinal nerve divides into a 
short dorsal and a much longer ven¬ 
tral branch. The first spinal nerve is the hypoglossal. It leaves the neural canal 
between the first and second vertebrae, turns anteriorly, and runs forward to the 
tongue. The second and third nerves, with a branch from the hypoglossal, are 
together known as the brachial plexus because they fuse to form the brachial nerve 
which supplies the fore-limb. The fourth, fifth, and sixth nerves are small and 
run to the muscles and skin of the body wall. The seventh, eighth, ninth and a 
branch of the tenth constitute the sciatic plexus , which supplies the hind limb. The 
tenth nerve emerges through a hole in the urostyle near its anterior end. Besides 
the branch which it contributes to the sciatic plexus, it sends nerves to the bladder, 
cloaca, and other parts. 

The sympathetic nervous system. The nature and function of this series of struc¬ 
tures is considered on pp. 262-265, because it is best known in mammals. In the 
frog there is a series of ten pairs of sympathetic ganglia lying close to the dorsal body 
wall, lateral to the vertebral column. Each ganglion is joined to the corresponding 
spinal ganglion by a connective of nerve fibres, the ramus communicans. In addition, 
other connectives join together the ten ganglia of each side, so that they form a 
chain, and from the most anterior ganglion on each side a connective continues into 
the skull, joins the ganglion of the vagus ( X ) nerve and thence runs forward again 
to the Gasserian ganglion on the trigeminal ( V ) nerve, where the chain ends. 
From the sympathetic ganglia nerves pass to the muscles and glands of the gut 
and other viscera, to the heart and other blood vessels, to glands in the skin, 
and to other structures whose activity is not controlled by the will. 

The sense organs 

The olfactory organs. The olfactory organs differ from those of the dogfish in 
little but the presence of internal nostrils, which are believed to have been formed 
in evolution by the closure of the oronasal groove into a tube, and the formation of 
the premaxilla in front of it, so that it came to open into the buccal cavity. In¬ 
ternal nostrils are present in all terrestrial vertebrates and in some fishes with lungs. 
Their presence is evidently connected with air-breathing, for they provide a route 
by which air may reach the lungs without passing through the mouth, and they 
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increase the efficiency of the olfactory organs by ensuring that they shall constantly 
be traversed by a moving stream of air and shall not have to depend on the slow 
diffusion of active olfactory substances into a pair of blind sacs. 

Each external nostril leads into a chamber which is separated from its fellow 
of the opposite side by the nasal septum. As in the dogfish, the olfactory 
epithelium lines the chamber and from its sensory cells arise the fibres of the olfac¬ 
tory nerve. 

The ‘ ear ’. The membranous labyrinth resembles that of the dogfish in all 
essential respects, but the endolymphatic ducts, instead of opening to the exterior, 
grow round dorsally to the medulla oblongata and above it fuse with one another, 
forming a large structure of obscure function. In dissecting a frog one always 
notices, close to the vertebral column, a series of small white, rather powdery 
nodules. These are glandular structures enclosing masses of calcareous material 
and their function is unknown : they develop from a backward outgrowth of 
each membranous labyrinth. 

The frog differs from the dogfish in having an accessory structure known as the 
middle ear (the membranous labyrinth is the inner ear ; the frog has no ‘ outer ear ’). 
The middle ear is a chamber closed externally by the tympanum and connected 
with the pharynx by a canal, the Eustachian tube. A small replacing bone, the 
columella, crosses the middle ear from the tympanum to a small window (closed 
with a nodule of cartilage) in the auditory capsule (the fenestra ovalis). The middle 
ear is formed from the first visceral pouch of the tadpole ; in the dogfish this be¬ 
comes the spiracle but in the tadpole it never opens to the exterior. The columella 
is the hyomandibula. When the tympanum is set vibrating by sound waves 
impinging upon it, the vibrations are transmitted through the columella to 
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the membrane of the fenestra, thence to the perilymph, and so to the labyrinth 
itself. 

REPRODUCTION AND THE LIFE-CYCLE 

In the breeding season the frogs seek out a suitable pond and the males, croak¬ 
ing lustily, call to the females. In mating, the male climbs on the back of a female, 
clasping her tightly with his arms. So strong is the grip that it may be necessary 
to break the arms of the male before he will let go, and his grasp is assisted by the 
nuptial pad (p. 150). This behaviour is interesting as an extremely tenacious 
reflex action. The reflex arcs involved are spinal and the brain plays no essential 
part ; if a male frog be decapitated while clasping a female, he continues to clasp 
her. It is believed that contact of the skin of the arms and chest of the male with 
the body of the female sets up impulses in his sensory nerves, and these impulses, 
carried to the spinal cord, are there (if the frog is in a suitable physiological con¬ 
dition) switched through synapses into motor neurones whose nerve fibres carry 
them to the muscles of the arms, which are thus stimulated to carry out the con¬ 
tractions involved in the clasp. The clasping reflex has even been given by a 
preparation which consisted of nothing but the first three vertebrae (including 
spinal cord), the pectoral girdle, and the arms. The male continues to clasp the 
female until she emits her eggs, an event for which he usually has to wait for 
several days. The eggs are deposited in the water, in the form of several hundred 
ova embedded in a gelatinous material which on contact with water swells into a 
transparent jelly. As the eggs come out of the cloaca of the female, the male sheds 
seminal fluid upon them, and they are then fertilised, each by one spermatozoon. 
A mass of frog's eggs, which is known as ‘ frog’s spawn ’, is rather like tapioca, but 
each egg is black in the upper hemisphere and white in the lower. 

The development of the frog is described on pp. 368-379, and it will suffice here 
to say that it leads, not directly to the formation of a young frog, but to an aquatic 
larval form, the well-known tadpole. A tadpole shows very little to indicate that it 
is the young of a frog. Its roughly oval trunk is continued into a flattened elongate 
tail which is fringed dorsally and ventrally by a delicate caudal fin ; it is by the 
undulating movements of the tail that the tadpole swims, much after the manner 
of a fish. There is a small mouth, as yet without true teeth or functional jaws, but 
provided with horny structures which perform the functions of teeth and jaws, 
and the intestine is coiled and relatively much longer than it will be in the frog. 
The pharynx is perforated by branchial clefts and the animal breathes with gills 
like a fish. No limbs are present ; but they may be represented by tiny rounded 
projections, the limb-buds, of which only the posterior pair are externally visible, 
the anterior pair being covered by a structure called the operculum (p. 379). 

The transformation of the tadpole into a frog, or its metamorphosis, involves 
the resorption and disappearance of the tail, the development of the fore and hind 
limbs the disappearance of the gills, the closure of the branchial clefts and the 
completion of the lungs, the shortening of the gut, the development of the bony 
skeleton, the enlargement of the mouth, alterations in the shape of the head, and 

many other changes (Fig. 269, p. 378). 

The metamorphosis provides an interesting example of the control ot a 

developmental process by the action of endocrine glands (p. 265) which, pouring 
their secretion into the blood stream, may produce important effects in all parts 
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of the body. Two of the most important of these are the thyroids, of which the frog 
has a pair close to the external jugular veins, and the pituitary. If the rudiments of 
the thyroid glands be removed from a frog embryo, the embryo survives and 
develops into a tadpole which is apparently normal but which, although it may 
grow to be much bigger than tadpoles normally are when metamorphosis occurs, 
never becomes a frog. If, next, the thyroid-less tadpole be fed on thyroid gland 
tissue, or if an extract of the gland be added to the water, metamorphosis sets in 
and it becomes a frog. If normal young tadpoles be fed with thyroid tissue or if 
an extract be put in the water, so that they receive more than the normal supply 
of the thyroid hormone, they metamorphose sooner than they normally would. 
Physiologically, the process of metamorphosis may be pictured somewhat as fol¬ 
lows. The effect of the thyroid hormone in the blood and tissue fluids is so to 
change them that the character of the environment in which the cells of the various 
tissues live is altered. Now, the tadpole is made up of two kinds of tissues : (a) ‘ tad¬ 
pole tissues ’ which are adapted to live and grow in blood and tissue fluids unaltered 
by the presence of the thyroid hormone and ( b ) ‘ frog tissues ’, which are adapted 
rather to an environment which has been affected by the hormone. The ‘ tadpole 
tissues ’ include, for example, all the tissues of the tail, the gills, etc., while included 
among the ‘ frog tissues ’ are the cells of the limb-buds, of the bony jaws, of the 
lungs, and so forth. When the concentration of the thyroid hormone reaches a 
critical level the ‘ tadpole tissues ’ begin to regress and to be resorbed, while the 
‘ frog tissues ’ begin to grow and differentiate. 

The thyroid is not the only endocrine gland concerned in the metamorphosis 
of the frog. If the development of the pituitary gland be prevented by the early 
removal of the hypophysis (p. 392), an upgrowth from the roof of the buccal cavity 
which gives rise to the most important part of the pituitary, the tadpoles fail to 
metamorphose and it is found that their thyroid glands have remained small and 
undeveloped. Such tadpoles may be caused to metamorphose by treatment with 
either the thyroid or the pituitary hormones and after pituitary treatment the 
thyroids develop fully. If, however, tadpoles be deprived of both thyroid and 
pituitary glands they can be caused to metamorphose by treatment with thyroid 
but not with pituitary The explanation is that the thyroid hormone causes meta¬ 
morphosis directly, while the pituitary acts only by stimulating the growth and 
development of the thyroid and cannot bring about metamorphosis if the thyroid 


The young frog takes no food till the reorganisation of its gut is complete, but 
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spermatozoa to swim to, and fertilise, the ova. We shall see in later sections how 
the higher animals and plants, more perfectly adapted to their terrestrial existence, 
have abolished this necessity for external water while retaining the sexual process. 

This similarity between the two organisms can be extended to other parts of 
the life-cycle. We have seen that the prothallus of the fern, although it lives on 
land, is very far from being an efficiently constituted terrestrial organism, and can 
only live in damp situations, while the tadpole is wholly aquatic. 

Of course, these resemblances must not blind us to the fundamental differences 
between the two life-cycles. That of the frog, though it includes two forms nearly 
as different from one another as a fish is from a frog, includes but one generation, 
for the tadpole is the young frog, while in the life-cycle of the fern the prothallus 
is not a young fern, but an adult plant of one of the two generations which make 
up the whole life-cycle. 



CHAPTER XVI 


THE LAND CONQUERED : THE VEGETATIVE STRUCTURE 

OF FLOWERING PLANTS 


In discussing the invasion of the land by animals and plants we saw how the 
structures and life-cycles of the fern and the frog are determined not only by the 
conditions of terrestrial life, but also by inheritance from their aquatic ancestors. 
In particular, the life-cycles showed us how the persistence of free-swimming male 
gametes in both our examples, and of the aquatic larval form in the frog, have 
frustrated the full success of their escape from the water, so that neither is a fully 
adapted terrestrial organism. 

We now turn away from these intermediate forms and pass to those organisms 
whose more perfect structural and functional adaptation to the land environment 
has enabled them to colonise its surfaces over the entire globe. 

We saw on pp. 136, 138 that the land plant, living as it does at once in two 
environments, the air and the soil, and drawing from each a different fraction of 
its total needs, has become differentiated into three parts : the foliage, the roots, 
and the stem which joins the two. Accompanying this regional differentiation 
there has been specialisation of function among the cells and an associated differ¬ 
entiation into tissues of particular structure. The differentiation thus attained far 
surpasses anything found in the algae, but is closely approached in the ferns. 


EXTERNAL MORPHOLOGY AND GRO WTH 

Examination of a typical young plant (Fig. 127) shows that there is a primary 
or tap root growing vertically downward, and that branching off from this are lateral 
roots, which themselves branch. The stem of the plant consists of a central axis 
which ends at its apex in a bud, and which bears leaves arising laterally. Closer 
examination shows the bud to consist of a number of small and immature leaves 
overlapping one another and closely crowded together at the top of the stem. So 
long as the stem continues to grow in length new leaves are formed at the centre 
of the bud while its older and outermost leaves enlarge and become separated from 
it by the elongation of the stem between the base of each leaf and the bud 

A plant is a branching system. The branching of its stem is made possible’by the 
pr^ence at the base of the stalk or petiole of most leaves of a small bud called the 
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mechanism which will be discussed 
below, and the plant forms new 
shoots and branches only to the 
extent to which they are required. 
The unused buds remain dormant. 

So long as the plant is in a physio¬ 
logically active state and conditions 
are suitable it continues to grow. 
Thus plants differ from many animals 
in that they have no ‘ adult ’ size, but 
grow indefinitely until death. There 
is another and more important dif¬ 
ference from animals. In a growing 
animal, growth is distributed more or 
less uniformly throughout its tissues 
and organs. In a plant, growth is 
sharply restricted to certain regions. 
Leaving aside, for the present, growth 
in thickness, the growth of the plant 
in length is confined to the apical 
regions of shoots and roots. 

At these apices there is a zone of 
tissue called the merislem , in which the 
cells retain a permanently embryonic 
condition, dividing by mitosis (p. 316) 
and lacking the special differentiation 
seen in the cells of other parts of the 
plant. 

These growing points or meri- 
stems, by repeated cell divisions, pro¬ 
duce cells which will differentiate to 


form the special tissues of the more mature regions remote from the apex. This 
mode of growth, by the permanent retention of growing cells having an embryonic 
character, is known as ‘ continued embryology ’. Every bud encloses a meristem 
at the tip of the stem and there is a meristem very near each root tip. 

The higher plants, like the higher animals, are complex organisms and their 
parts influence one another and are co-ordinated. In many plants, if the apical 
bud be removed, axillary buds which would otherwise have remained dormant 
begin to grow ; some influence, by which the apical bud prevented the growth of 
the axillaries, has been removed. Trimming a hedge thus increases its bushiness 
and pruning roses and fruit trees controls their branching in the next growth 
period in much the same way. The growth of roots and the activity of the cam¬ 
bium depends on the development of buds and leaves ; the young leaves stimulate 
root formation and excite the cambium (pp. 188, 189) into the activity which will 
provide the additional xylem and phloem (p. 187) made necessary by the forma¬ 


tion of additional leaves. 

These correlations of the different parts of growing plants are carried out by 
means of chemical messengers or hormones, which in plants are known as auxins. 
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These are produced at the growing apices of many, if not of all, higher plants and 
diffuse away, controlling growth elsewhere, as by preventing the growth of 
axillary buds. Similarly, auxins produced in young leaves stimulate the formation 
of roots and the activity of the cambium. 


PLANT CELLS 

A flowering plant is, of course, a multicellular organism. Its cells resemble 
those of nearly all other organisms in consisting of nucleus and cytoplasm, and like 
other plant cells, each is encased in a non-living cell-wall. 

The cell-wall consists mainly of cellulose which, however, is often infiltrated 
with other substances such as lignin (p. 185) ; but its outermost layer is usually 
calcium pectate. Where two cells in a plant tissue are in contact they share 
the layer of calcium pcctate between them, each depositing layers of cellulose 
upon it. Thus the calcium pectate often forms a middle lamella in the cell wall 
covered on each side by cellulose ; it is usually visible in sections. Where spaces 
are left between the cells of a tissue the surface of each cell-wall is formed by the 
calcium pectate layer. As in most other plants the mature living cells of flowering 
plants each contain one or several large vacuoles, and the nucleus is either embedded 
in the thin layer of cytoplasm which lines the cell-wall and encloses the vacuole or, 
as in Spirogyra', is suspended in the vacuole, with an investment of cytoplasm, 
by cytoplasmic strands joining it to the cytoplasm against the cell-wall. 

Many plant cells differ from those of animals in another important respect : 
the way in which differentiated structures are formed. The differentiated 
animal cell, like a muscle, nerve, or gland cell, differs from an embryonic cell in 
the character of its cytoplasm and in its form. It is still a living cell. In many 
differentiated plant tissues the same is true, but in many other cases the special 
structural features of the differentiated cell lie not in the cytoplasm of the cell itself 
but in the cell-wall. Thus the cell-wall may be thickened in various ways and its 
chemical composition may be changed by impregnation with other substances 
than cellulose. Finally, in many cases, the living part of the cell (nucleus and 
cytoplasm) dies. Then the differentiated structure remaining consists solely of 
the ceU-wall which carries out its function by virtue of its shape, of the thickenings 

and chemical changes which it has undergone, and of the activities of living cells 
in other parts of the plant. 6 
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THE STEM 

Epidermis and cortex 

The anatomy of flowering plants may be introduced by a description of the 
structure of the young stem of such a plant as Helianthus (Sunflower). Transverse 
sections show that the outermost tissue of the stem is a single layer of cells, the 
epidermis. These are living cells of which the cell-walls are not modified except by 
the deposition over their outer surface of a layer of a substance called cutin, which 
is impermeable to water and gases. The layer of cutin is called the cuticle. It helps 
to prevent loss of water by evaporation. 

Beneath the epidermis is the cortex. Its outer layer may be formed of cells 
which make up a tissue called collenchyma. Collenchyma cells, seen in transverse 
sections of the stem, appear roughly hexagonal in outline, and the cell-wall is 
thickened by the deposition of additional cellulose at the angles only. The cells 
are, in reality, somewhat elongated in the direction of the long axis of the stem, 
though of course this cannot be detected in transverse sections but only in longi¬ 
tudinal sections. Collenchyma cells are living, for each contains cytoplasm and 
nucleus. The function of collenchyma is mechanical. The thickened angles of 
the cells confer upon the tissue a certain mechanical strength, so that it resists 



Fig. 130. Epidermal and young collenchyma cells from the 


collenchyma 


stem of Helianthus. 
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bending, and the tissue is found at the periphery of the stem because here it is 
best placed to meet and resist strains caused, for example, by wind. 

Internal to the collenchyma, or perhaps forming the whole cortex if there is no 
collenchyma, is the parenchyma of the cortex. Parenchymatous tissue consists of 
large thin-walled cells containing living nucleus and cytoplasm. Between the cells 
are triangular inter-cellular spaces, which are connected with one another and 
form a part of the ventilating system of the plant. 

The inner limit of the cortex is formed by a layer of cells which contain a store 
of starch grains. This is called the ‘ starch ring * or sometimes the endodermis. In 
some stems these cells show cellulose thickening of the radial walls but this is more 
usually present and is better seen in the corresponding layer of roots, where the 


term ‘ endodermis ’ is more correctly used. 
The starch ring forms the inner boundary 
of the cortex. The cells are living, with 
cytoplasm and nucleus. 

The Stele 

The tissues which lie internal to the 
starch ring are collectively known as the 
stele. In a herbaceous stem like that of 
Helianthus the stele consists of the following 
components : (a) a zone just internal 
to the starch ring, which is partly paren¬ 
chymatous and pardy woody and is called 
the pericycle, ( b ) a series of vascular bundles 
arranged in a circle near the periphery of 
the stele, and (c) parenchymatous tissue 
making up the pith in the centre of the 
stem, and the primary medullary rays, bands 
of parenchyma running from the pith to 
the starch ring. The pericycle comprises 
tissues immediately internal to the starch 
ring, but external to the ring of vascular 
bundles. The tissue of the pericycle which 
lies immediately opposite a vascular 
bundle consists (in Helianthus) of scleren- 
chyma. In sclerenchyma the cell walls are 
gready thickened and usually chemically 
altered. The chemical change consists in 
the deposidon in the original cellulose of a 
substance called lignin which hardens the 
cell wall and gives it mechanical strength. 
It also decreases the permeability of the 
wall so that the living protoplasm enclosed 
by the wall dies. Fully developed scleren¬ 
chyma is thus a dead tissue. In the most 
important sclerenchymatous tissues, the 
cells, in addition to being lignified, are 

N 



Fio. 131. A, transverse section of wood 
fibres m the pericycle of Helianthus ; B, wood 
fibres in longitudinal section. 
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very greatly elongated and have the form of long fibres, each formed by the elong¬ 
ation and lignification of a single cell. Such cells are called sclerenchymalous fibres , or 
wood fibres. It is of these that the tissue which we are considering, the woody parts 
of the pericycle of Helianthus, is composed. The wood fibres have tapering ends and 
fit closely together in the sclerenchymatous masses. The groups of fibres offer a 
considerable resistance to mechanical strains and thus, like the collenchyma, form 


part of the plant’s skeleton. 

The remainder of the pericycle, lying between the masses of sclcrenchyma, 
consists of parenchymatous tissue continuous with the similar tissue of the primary 
medullary rays and pith. 

The vascular bundles each consists of three tissues, the xylem, cambium , and phloem. 
A vascular bundle shows in transverse sections, at the end of the bundle near the 
pith, several rows of large cells with thick walls. These cells are the principal con¬ 
stituents of the xylem. Their true nature can only be discovered in longitudinal 
sections which reveal that each of the large cells is a cylindrical structure, not 
divided into compartments by transverse cell walls, and having the walk lignified 
and thickened in various ways. These cylinders are called vessels ; their function 
is to transport water up the stem from the roots. The narrower vessels are towards 
the pith. Their lignified walls bear spiral or annular markings which indicate 
spiral or ring-like lignified thickenings of the walls. They are called protoxylem 
vessels, because they are the first xylem formed. The wider vessels more 
remote from the pith are the metaxylem, so-called because they are formed after the 
protoxylem. In these the extra thickening of the walls may be scalariform, that is, 
in the form of parallel bars, or may form an irregular network ( reticulate ), or may 
be pitted. In the pitted vessels the wall is uniformly thickened except for many 
small circular gaps in the thickening called pits. Pits may be simple, or ‘ bor¬ 
dered *. In a bordered pit the edges of the thickened walls surrounding the pit 
overhang it. Where two vessels lie side by side the pits coincide in position, so 
that water and dissolved substances may pass through the pits, across the un- 
thickencd cellulose walls at their bases, from one vessel to the other. 

The vessels contain no living protoplasm ; their original protoplasmic contents 
have disappeared and they are now dead structures. Each developed originally, 
not from a single cell as wood fibres do, but from several cells which were arranged 
in a row and which then resorbed their end walls, so forming a continuous tube, 
after which the cell contents died and disappeared. 

There may also be present structures called tracheids. A tracheid resembles a 
vessel in having annular or spiral or pitted thickenings, but each is developed from 
a single cell and the end walls remain. The xylem of the fern consists of tracheids 
true vessels being absent. 


The xylem elements lie among a packing of small parenchyma cells, the xylem 
parenchyma. This consists of small living oblong or square cells whose walls are 
thickened and pitted and may be lignified. Scattered about in this may be wood 
fibres.Tcscmbhng those described above as forming part of the pericycle. 

he phloem is formed on the side of the vascular bundle remote from the pith 
It consuls largely of parenchyma cells resembling those of the xylem, but scattered 
mong these are structures called sieve-tubes and companion cells. Sieve-tubes are of 

U ^ n Cne ? CCUul0Se WaUs and are arran ged one above the 
other so that their end walls abut against one another. These ends walls are 
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pierced by many little holes by which the cavities of successive sieve tubes are 
placed in communication with one another, and are called sieve-plates. The sieve 
plates may be thickened between the pores, as in Cucurbita. In each sieve-tube 
is a quantity of slimy material containing proteins and carbohydrates and this 
tends to accumulate at the ends of the tubes where strands of it pass from one sieve- 
tube to another through the holes in the sieve plates. 

Sieve tubes contain cytoplasm but no nucleus and are therefore perhaps not liv¬ 
ing cells ; but closely associated with each is at least one companion cell. Companion 
cells are living, thin-walled cells with nucleus and cytoplasm, each much narrower 
than its associated sieve tube but of about the same length. In development, a 
single mother cell gives rise to both sieve tube and companion cell by an unequal 
division ; the larger daughter cell loses its nucleus and its end walls become 
perforated, while the smaller daughter becomes the companion cell. The function 
°f sieve tube s is the transportation (or translocation, to use the botanical term) of 
elaborated food materials from its place of synthesis in the plant (chiefly the leaves) 
to other parts ; it is not known how this function is carried out. In a few 
plants, such as the vegetable marrow (Cucurbita) , phloem is found on the inner 
as well as on the outer side of the xylem. 

The cambium lies between the xylem and the phloem. It is a meristematic 
tissue which forms new xylem and new phloem when the stem begins to grow in 
thickness. It will be discussed further in the section on secondary thickening. 

Meristems and growth in length 

The extreme apex of the stem (where it is hidden in the apical bud) lacks all the 
differentiated tissues described above and consists of small cells with dense non- 
vacuolate cytoplasm and thin cell walls. When the plant is growing these cells are 
actively dividing ; daughter cells to which they give rise are added to the older 
parts of the stem and there differentiate to form units of its various tissues. The 
stem thus grows in length. Such an actively growing tissue is a meristem. This 
apical meristem can usually be seen to have three concentric zones : (a) the super- 



Fig. 134. Left, apex of the stem in a bud of Hippuris, the mare’s tail, showing the 
secondary meristems which form the leaves (after Bower) ; right, a longitudinal section 
through the apical meristem of a young bud of Hippuris (after de Bary, from Bower). 
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ficial dermatogen, only one cell thick, continuous with the epidermis of the mature 
parts of the stem, (6) the periblem, continuous with the cortex, (c) the central plerome 
which is continuous with the stele. Lower down the stem the cells are found 
not to be dividing but to be acquiring the vacuoles so characteristic of plant 
cells and to be enlarging, while still further down the stem the cells begin to 
acquire the differentiated characters seen in the mature tissues of the stem. 
Evidently, then, the dermatogen gives rise to the epidermis, the periblem to 
the cortex (ceils from its outer zone differentiating as collenchyma and those from 
its inner limit as the starch ring) and the plerome to the stele (the more peripheral 
cells along certain radii differentiating as the wood fibres of the pericycle, those 
less peripherally situated as phloem and xylem ; and the remainder as the 
parenchyma cells of the pith and primary medullary rays. 

It hould be noted that although in transverse section there appear to be a 
series of completely separate vascular bundles, in reality the bundles make a kind 
of network, and from this network branches are given off to the leaves and lateral 
shoots. 

The formation of the bud at the apex of the stem results from the fact that the 
meristem is complex, giving rise to secondary meristems. These arise in super¬ 
ficial tissues just below the apex, and from each secondary meristem develops a leaf. 


Secondary thickening 


The apical meristem evidently provides for growth in length. A certain 
amount of increase in girth, known as primary thickening , is accounted for by the 
enlargement of the cells in the regions below the meristem, but since the increase 
in size of the individual cells is limited, the increase in the thickening of the stem 
thus produced is also limited.' In small herbaceous plants this limit may never 
be exceeded, but in larger plants, and especially in trees, the final thickness of 
the trunk and branches enormously exceeds the maximal thickening attainable 
by this means. Further, or secondary , thickening is brought about by the activity 
of two meristematic tissues, the cambium and the phellogen. 


Secondary thickening in the stele 

The cambium is concerned with the growth in thickness of the stele. It is a 
single layer of living thin-walled cells of rectangular form lying in the vascular 
bundles between the xylem and phloem. Secondary thickening begins when 
divisions of the cambium cells produce daughter cells one of which is added either 
to the xylem or to the phloem while the other remains in the cambium. At the 
• the « formed across the primary medullary rays (a single 

Sf °J. th .f r C f eU f be e onun f g “eristematic), making the cambium a complete ring. 
The activny of the nng of cambium leads to the formation of a complete ring of 
phloem peripheral to the cambium, and of a complete ring of xylem internal to it 
(but see below on ‘ medullary rays * for a qualification of this statement) The 

^i“dtr f ormed 5 om th \ apicai •» -“^L h d ' 

that formed from the cambium as the secondary xylem and phloem. In structure 
nrimw ° f I th6 S f Conda 7 x y lem and Phloem resemble those of the later formed 
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Fig. 135. Distribution of the principal tissues in a transverse section of a secondarily 
thickened stem. The arrows indicate the formation of secondary tissues from the cambium 
and phellogen. 

0 

After the beginning of secondary thickening the primary phloem is found 
peripheral to the secondary phloem, and the primary xylem central to the second¬ 
ary xylem, but in older stems the primary xylem and phloem have often been 
crushed out of existence. 

The principal tissues of xylem and phloem are adapted for transportation in 
the longitudinal but not in the radial directions. Nevertheless, both tissues con¬ 
tain living cells (parenchyma and companion cells) and it is not obvious whence 


Fig. 136. 



Structure of a four year old secondarily thickened stem (after Strasburger, 

from Bower). 
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those in the xylem can obtain organic food materials, nor those in the phloem 
water and inorganic salts. Similar difficulties arise with the cortex and pith 
(where any survives), the first of which is cut off from the xylem by the phloem and 
the second from the phloem by the xylem. Radial conduction is provided by 
structures called medullary rays. These are of two kinds. The term ‘ primary 
medullary ray ’ was applied to the parenchymatous tissue between the vascular 
bundles of the stem which had not yet begun secondary thickening. When 
secondary thickening begins, a certain length of cambium gives rise, opposite the 
primary medullary rays, not to xylem on one side and phloem on the other, but 
to a special kind of parenchymatous tissue on both sides. It forms this tissue as a 
narrow vertical plate running radially from the cortex to the pith and flanked on 
either side by xylem and phloem. A secondary medullary ray differs from a 
primary in extending from the cambium for some distance into the secondary 
xylem and secondary phloem, but not as far as either pith or cortex. Such 
secondary medullary rays are formed when a part of the cambium, after givirr 
rise to secondary xylem and phloem for a time, stops doing so and produces medul¬ 
lary ray tissue instead. 

Each medullary ray, whether primary or secondary, has the form of a flat 
plate of tissue which is longer in the radial than in the vertical direction. The cells 
of which the rays are formed are brick-shaped, usually living, with their long axes 
parallel to the long axis of the ray (that is, radial to the stem). The walls of the cells 
are thickened and pitted. 

As a tree becomes older, the centrally situated wood become darker and harder, 
and is known as heart wood , while the more peripheral wood remains relatively pale 
and soft (sap wood). The change into heart wood occurs with the death of the 
medullary rays and wood parenchyma in the central region ; after this the heart 
wood no longer functions as a conducting tissue, but retains its mechanical function 
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helping the tree to withstand the stresses caused by wind, etc. The pith is squashed 
out of existence fairly early in secondary thickening. 

In temperate and cold climates many plants die as winter approaches while 
perennials like trees become inactive. The cambium remains dormant. In 
spring, when much new foliage is being produced and the tree needs plenty of 
water and salts from the soil, the cambium produces new secondary xylem which 
consists of rather wide and thin-walled vessels. In autumn, when the production 
of new foliage is at an end, the vessels formed are narrow and thick-walled ; the 
additional strength which they give to the trunk helps it to withstand the winter 
gales. After the quiescence of winter is over, wide thin-walled vessels are 
formed again in spring, of course immediately outside those formed in the previous 
autumn. The line of demarcation between autumn and spring wood is usually 
visible and is known as an ‘ annual ring ’. Their number gives the age of the tree. 


Secondary thickening in the cortex : cork formation, lenticels 

The thickening of the stem by cambial activity evidently increases its surface 
area. The epidermis and cortex cannot stretch indefinitely and their cells are not 
meristematic ; but soon a new meristem appears, the phellogen, formed when a ring 
of cortical cells, one cell thick, recovers the power to divide. In some plants, as in 
the lime tree, the phellogen is formed in the outer part of the cortex, in other 
plants from deeper layers. The phellogen cells divide, cutting off daughter cells on 
their outer and inner faces. Those cut off on the outer face develop thick walls 
heavily impregnated with a substance suberin and the protoplasm dies. The 
suberised tissue is cork. Since it is impermeable to water, all the tissues originally 
present outside the cork are cut off from their Source of nutrition inside the stem, 
die, and peal off, while the cork forms a new water-proof covering for the stem. 
Since it is provided with a meristem beneath it, it can grow and keep pace with 
the thickening of he stele. 

The cells cut off the inner face of the phellogen form a parenchymatous 


tissue, the secondary cortex or phelloderm. 

Evidently, at whatever depth in the cortex the phellogen is formed, all the 
tissues peripheral to it must be cast off. The term ‘ bark ’, popularly used of all 
tissues easily stripped off the surface of a tree-trunk, is best avoided, for its meaning 
depends on the situation of the line of easiest cleavage and this may be at the 

phellogen, at the cambium, or between them. 

Lemuels. Plants, like other organisms, need oxygen. In the young stem air 

enters the tissue through apertures called 



tccondary 
primary 


stomata (p. 198), and diffuses through the 
stem in the minute channels left between 
the cells chiefly at the corners, especially 
at the corners of the parenchyma cells. 
But the cork is impervious to air as to 
water, and so it cuts off the tissue of the 
stem from aeration. Lenticels are struc¬ 
tures which make possible the passage of 
air through the cork into the tissues of the 


Fig. 138. Part of a section through a sec¬ 
ondarily thickened stem of a lime. ( x 20) 


stem. They can be seen on many stems as 

brownish, slightly swollen spots or lines. 
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Sections show that at these spots the phellogen, instead of giving rise to cork on its 
outer side, forms parenchymatous cells with large air-spaces between them, so 
that the tissue is spongy and allows ventilation. The outermost of these cells soon 
die and tend to break loose as a powder. 

THE ROOT 

The tissues of the root for the most part resemble those of the stem, but there is 
no epidermis, the xylem and phloem are differently arranged, there are several 
issues which are not found in the stem, and there is no pith. 


The root cap 

A longitudinal section through 
the end of a root shows that its 
extreme tip is formed by a struc¬ 
ture, called the root cap, consisting 
of parenchymatous cells of which 
the more superficial are only loose¬ 
ly attached to one another and are 
easily rubbed off. As the root 
pushes through the soil the root 
cap protects the delicate tissues 
beneath, and as its cells are rubbed 
away they are replaced by cell 
divisions in its deepest layer, the 
meristematic calyplrogen. 

The apical meristem and 

growth in length 

Behind the root cap comes the 
meristematic region from which 
the remainder of the root is pro¬ 
duced. It consists, as in the stem, 
of a superficial layer of cells, the 
dermatogen, ofaperiblem beneath 
this, and of an axial plerome. The 
pleromc gives rise to the stele and 
the periblem to the cortex of the 
root, as in the stem, and the der- 
matogen to a tissue which occupies 
the position of an epidermis but is 
structurally and funcdonally dif¬ 
ferent from one. Unlike the 
stem, secondary meristems are not 
formed at the apex and so there 
is no bud. 

Following the longitudinal sec¬ 
tion away from the meristem we 
come to a region in which no cell 
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division is occurring, in which the vacuoles, so characteristic of most plant cells, 
appear, and in which the cells enlarge to their final dimensions and forms. This 
is the zone of elongation. Still further away from the tip the cells begin to acquire 
their histological characters, in most cases by thickening and chemically altering 
the cell walls, as in the formation of xylem vessels. This is the zone of differen¬ 
tiation. 

If a young root, such as that of a bean seedling, be marked at i millimetre 
intervals from the tip, and if it be then allowed to continue growth, it will be found 
after some days that the distances between the marks is no longer uniform. The 
markings have become furthest apart in the zone of elongation, so that it is here 
that the greatest increase in length has occurred. 

The piliferous layer and the root hairs 

As the dermatogen is followed up the root from the meristem it is found that 
its cells never develop a cuticle like that of an epidermis but give rise to structures 
called root hairs. These are the organs which absorb water and mineral salts from 
the soil. They are sometimes called pili and the superficial layer of cells from which 
they spring is the piliferous layer. Each root hair may be a few millimetres long, and 
is an outgrowth from a single cell of the piliferous layer. Into it is continued the 
protoplasm and vacuole of the cell from which it grows ; it also usually contains 
the nucleus. The hair-bearing or piliferous region of the root is one to several 
inches long, and is in the zone of differentiation. Water 
and salts enter the vacuoles of the hairs, traverse the 
cortex to the stele, and then pass up the vessels of the 
xylem to the foliage (pp. 468-470). The hairs are 
numerous and thus increase the absorbing area of the 
root. On a root grown in water they look like a little 
coating of fur a short distance below its tip, but when 
the root has been grown in soil they are so closely ap¬ 
plied to the soil particles that the root cannot usually 
be washed clean without destroying them. A secon¬ 
dary function of the hairs is to anchor the root in the 
soil so that the growing tip has a firm base against 
which to push in forcing its way through the soil. The 
hairs, however, are very delicate structures and the 
life of each is short. They are soon destroyed, probably 
by the strains to which the growing tip subjects them, 
and when the root hairs are thus lost the piliferous 
layer as a whole shrivels up and dies. It is, however, 
continually replaced by the growth of the dermatogen, 
so that the root is never without root hairs. 

The cortex ; exodermis and endodermis 

Sections through a root taken just behind the root 
hairs show, immediately beneath the remains of the 
piliferous layer, a single layer of cortical cells, having 
somewhat thickened and suberised walk. This is the 
exodermis. It forms a protective surface covering the 
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Fig. 141. Parts of transverse sections of young roots of Ranunculus ; A , showing root hairs ; 
B, just behind the root hairs ; C, the formation of a lateral root. 


root when the delicate piliferous layer has been lost and before the root forms a 
covering of true cork. Beneath it is a very wide cortex of parenchymatous cells 
usually containing great quantities of starch grains or other food reserve. The inner 
layer of the cortex is the endodermis, which 
corresponds in position with the ‘ starch 
ring ’ in the stem. It is a single layer of 
living brick-shaped cells whose radial and 
transverse walls (with respect to the whole 
root) are thickened, while the inner and 
outer tangential walls (those facing towards 
cortex and stele) remain unthickened. This 
thickening is due to the deposition of a sub¬ 
stance resembling suberin. The protoplasm 
of the cell is firmly attached to the suberised 
walls, and so water passing across the endo- 
dermis is forced to traverse the living cyto¬ 
plasm of these cells. The function of the 
endodermis is discussed on p. 470. In some 
stems a structure like that of the endo¬ 
dermis may be seen in the cells of the 
starch ring \ 


The stele 

Immediately internal to the endodermis 
is the pencycle. It may be a single layer 
ol parenchyma cells or may include both 
parenchyma and sclerenchyma like the 
pencycle in the stem of Helianthm. 

The stele as a whole is relatively smal¬ 
ler than in stems for there is no pith. 
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The tissues of the vascular bundles are similar in root and stem, but the arrange¬ 
ment is different. In the stem, the primary xylem and phloem lie on the same 
radii with the phloem peripheral to the xylem, but in the root they lie on alternate 
radii. In stems, the protoxylem is internal to the metaxylem, whereas in roots the 
opposite arrangement is found, the metaxylem near the pith, the protoxylem peri¬ 
pheral to it. Very young parts of a root may show at the centre thin-walled cells 
resembling pith ; these cells are the young and still unlignified metaxylem. 
Sections taken a little further from the root tip clearly show the whole centre of the 
root to be occupied by the xylem. 

Secondary thickening in roots 

Fundamentally the process of secondary thickening in the root is the same as 
in the stem, but the alternating arrangement of the primary xylem and phloem 
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groups causes a superficial complication. A cambium is developed from paren¬ 
chyma cells lying between xylem and phloem and this cambium follows a curving 
course internal to the phloem but external to the xylem. It gives rise to secondary 
phloem outwards and secondary xylem inwards, as in the stem ; but it never 
forms either xylem or phloem opposite the protoxylem groups. At these points it 
forms only parenchyma, and this results in the presence, at these points, of the 
wide primary medullary rays characteristic of roots. 

A phellogen forms from the pericycle, and produces cork on its outer side. 
The cork cuts off the entire cortex and exodermis from its sources of nutrition, and 
these therefore die and peel off. Thus, in a large root, the outer bark-like layer is 
the cork, the cortex is absent, and the phloem is immediately beneath the cork. 

Origin of lateral roots 

In the stem, the leaves are derived from the secondary meristems of the bud 

and these secondary meristems arise superficially. In the root, lateral branched 

form some distance from the root-tip, but always before there has been any 

secondary thickening, and always opposite one of the protoxylem groups. Here 

the pencyclc becomes meristematic and gives rise to a little mass of cells in which 

appear the dermatogen, periblem and plerome of the new root. This then bores 

its way out through the cortex of the old root by digesting the impeding tissues 
with enzymes (p. 479). & 


THE LEAF 

^ Par “ : ■ th ' br ,° ad ’ fla ‘ “P anse and the 

two sraaU lan “ “ pansi ° ns ° r 

The laming 

Orja^r;, Istoundtdt iamina Sh0WS thC feature, of it 

both upper and lower surfaces by 
the epidermis, a single layer of 
cells which are usually covered ' 
over by a cuticle, like that of the 
epidermis in" the stem. The 
cuticle is thickest in those leaves 
which are most in danger of losing 
water by evaporation, that is in 
those of plants living in dry 
places, and least in those of water 
plants. The epidermal cells are 
hving, thin-walled, somewhat 
flattened like paving stones, and 
their outlines may be simple or 
curved in a complicated manner. 

With the exceptions mentioned 
in the next paragraph, they usu¬ 
ally contain no chlorophyll. 



taminoe of 
leaflets 

petiole 


lamina 


Fig- 144- A, a simple; B, a lobed; C, a 
compound leaf. 
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epidermal cells 


A. from James: Intro, to Plant Physiology, Clarendon Press. 

Fig. 145. A, epidermal cells and stomata of Aaron’s beard (Hypericum calycinum). B, C and 
D, diagrams of the structure of a stoma, the pore open in B and C, closed in D. 

The epidermis is pierced by a number of tiny holes called stomata (sing, stoma) 
which open on to its surface and which communicate with air-spaces inside the 
leaf. It is through these that the photosynthesising cells obtain carbon dioxide and 
give off oxygen, and that water evaporates from the leaf. The stomata are usually 
borne only or mostly on the lower side of the leaf and each little hole is enclosed by 
two cells called guard cells. These are epidermal cells, but they differ from other 
epidermal cells in several respects. They do not have the complicated outlines 
usual among epidermal cells, tending rather to be shaped like a couple of sausages, 
the stoma being the oval hole enclosed by two sausages lying side by side. Another 
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important difference is their possession of chlorophyll, and a third is the construc¬ 
tion of their cell walls which are thickened in such a way that when the cell 
vacuoles are full of water the stoma is open, but when the vacuoles lose water and 
the cells wilt, the stoma closes. This mechanism tends to prevent excessive loss of 
water by evaporation in very hot weather. The action of stomata is further dis¬ 
cussed on pp. 470-471. 

Stomata are found in the epidermal covering of herbaceous stems as well as in 
leaves. 

All the tissues between the upper epidermis and the lower are known as the meso¬ 
phyll. Below the epidermis covering the upper surfaces of the leaf is a layer of cells 
of columnar form, arranged like a palisade, with the long axes of the cells at right 
angles to the surface of the leaf. In some leaves there are two or three such layers. 
The cells contain great numbers of chloroplasts. The tissue is known as the 
palisade mesophyll. Its cells are not in close contact with one another but have 
between them irregular spaces filled with air. Below the palisade tissue comes the 
spongy mesophyll, a loose net work of roughly rounded cells which contain fewer 
chloroplasts than the palisade cells. The large air-spaces between the spongy 
mesophyll cells communicate with those of the palisade tissue and with the spaces 
into which the stomata open. Thus the whole leaf is ventilated through the 
stomata. The spongy mesophyll is bounded below by the lower epidermis. 
f* . „ its functions as a chemical factory and as the last link in the chain 

of Ussues transferring water from the soil to the air, the leaf must be supplied with 
water and dissolved salts from the roots, and with the necessary apparatus for 
transferring the products of its chemical activity to other parts of the plant. It also 
requires a skeletal support, to keep the soft tissues of the lamina flat and exposed to 
the sunlight. These needs are met by vascular bundles which pass into the lamina 
from the stem, through the petiole. In many leaves a main vascular bundle 
traverses die axis of the leaf, giving off branches which re-unite and branch again 
so that a fine network of vascular bundles traverses all parts of the lamina. Each 
vascular bundle contains the same elements as are seen in the stem, but the cam- 
biumis absent and there is no secondary thickening. In its smallest branches the 
xylem consists of delicate spiral or pitted tracheids. 

In the leaf, the phloem lies on the lower side of the vascular bundles, the xvlem 
on the upper side. Each bundle is surrounded by a layer of parenchymatous 
Mils through which must pass aU water and other substances moving between 

? f ' Icaf 1 and the xylem or phloem. To add to the skeleSl support 

The petiole 

differ from it in l^g a y°ung stem, but 

SKS and ?£££*& IT* “ “ 

the petioie is ptobabi, to provide aTbong 
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lamina and the stem. It enables the leaf 
to give before the pull of the wind and to 
assume positions offering the minimum 
of resistance, which would be impossible 
if the lamina were seated directly on 
the stem. This mechanical function is 
assisted by the roughly semicircular form 
of the cross section. 


Leaf-fail 


In many plants photosynthetic activ¬ 
ity stops in autumn, and the leaves are 
not required during the winter dor¬ 
mancy. If retained, they would offer 
unnecessary resistance to the high winter 
winds, thus endangering the safety of the 
plant, and would tend to waste water by 
evaporation at a time when it is difficult 
for the plant to replace it from the soil. 

Before they fall, leaves are depleted of all 
useful materials and various changes occur 
in the cells ; the result of some of these 

changes is the brown and red colour of autumn leaves. Then a layer of cork is 
formed transversely across the base of the petiole, physiologically isolating the leaf 
from the rest of the plant. Immediately above this the intercellular spaces in¬ 
crease in size, weakening the leaf and sooner or later the leaf is tom away by the 
wind. In the following spring new shoots and leaves are formed from apical and 
axillary buds. 


Fig. 147. Longitudinal section through a 
leaf base showing the axillary bud and the 
layer of cork whose formation precedes the 
fall of the leaf. 


MODIFICA TIONS OF PLANT FORM AND STRUCTURE 

It would be a great mistake to suppose that every flowering plant agrees in all 
respects with the description just given ; there are innumerable modifications of 
plant habit and structure, and some of these will now be discussed. 


Mesophytes, hydrophytes, and xerophytes 

An important factor affecting plant morphology is the supply of available 
water, and in this respect it is possible to make a rough classification of plants into 
three groups, the mesophyte, hydrophyte, and xerophyte Mesophytes live in such 
conditions as those of an English meadow or woodland, where the supply of water 
is sufficient but not excessive ; they have, m general the sort of form and struc¬ 
ture described above. Hydrophytes are the plants of fresh-water lakes, pontband 
rivers They live in or very close to water and they show reduction of all struc¬ 
tures concerned especially in getting and holding water. Thus both the xylem and 
the cuticle are poorly developed and the foliage thin and delicate, shnvelhng 
rapidly out of water. The same is true, in submerged plants, of such tissues of 
mechanical support as bands of sclerenchyma and the Uke, for the plant ^suffi¬ 
ciently supported by the water around it. On the other hand, buoyancy and 




Power 

scale leases 


^Zs^ciodode 


Ruscus 



A cactus lOpuntio monoccnihol 


Fig. 148. A shoot of butcher’s broom { Rus - 
cus ) and of a cactus (Opuntia monacantha) (the 
cactus after Schumann, from Strasburger, 
re-drawn). 
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aeration present difficulties to water 
plants. In the floating leaves of many 
the stomata are found on the upper sur¬ 
face and the internal air spaces are often 
greatly enlarged, ensuring adequate aer¬ 
ation and providing buoyancy. Com¬ 
pletely submerged plants must get their 
carbon dioxide from solution in the water 
while their photosynthetic activities pro¬ 
vide more oxygen than they need (as 
anyone should know who has kept an 
aquarium). 

Xerophytes are plants living under 
conditions of water shortage. They show 
a great variety of structural and physio¬ 
logical adaptations to this condition, all 

directed towards increasing the amount of water obtained by the plant, to the 
prevention of excessive loss by evaporation, or to storing it, and all the vegetative 
parts of the plant may be affected. The roots are commonly very long, so that the 
largest possible volume of soil may be drained of water, and the osmotic forces of 
the root hairs attract water more powerfully than do those of mesophytes. Eva¬ 
poration from the leaves is reduced by a thick cuticle and this is assisted in many 
plants by a thick coating of hairs developed from the epidermal cells. The hairs 
retain near the leaf surface a relatively immobile layer of moist air into which 
evaporation will occur less rapidly than it would if the leaf surface were directly 
exposed to the very dry air of the outside atmosphere. The stomata are frequently 
sunk into pits which act as a sort of pocket of moist air, reducing evaporation from 
the stoma as hairs do from the general surface of the leaf. 

Many xerophytes show a tendency to reduce the area of the leaves, thus lessen¬ 
ing the rate at which water is lost in transpiration because the evaporating surface 
is smaller. Such reduced leaves may become needle-like (as in pine trees) or even 
be reduced to spines with no longer any photosynthetic function at all. 

The reduction of the surface area of the foliage may be accompanied by a 
flattening of the stem, or of some of its branches, which thus become more or less 
leaf-like and photosynthetic, functionally replacing the leaves. In the butcher’s 
broom (Ruscus aculeatus) the larger branches are rounded in cross section and are 
obviously stems. Born on these are leathery leaf-like organs. That these are really 
modified stems is shown by the origin of each from the axil of a much-reduced 
scale-like leaf and by the presence at about the middle of each leaf-like blade of a 
ny scale in the axil of which is a bud developing into a small white flower. A 
™ ha -l? ng a , b ^ din its axil “ alwa Y s a leaf, and the structure which develops 

3 Sh ° 0t ’ 11131 a Stem bearin S ^ves, however 
fi l d A - e e f° r sh00t may be - Hence > apparent leaf of JW* is a 
wfth JflT hc T nfS u U t ° nC le3f ’ ^ ^ scale - This has an axillary bud which 

L ™: sr a a . flower is anoticr fonn ° f 

ST ' whKh th, “ bec ° m “ I'aMike is called a cladode or phyllo- 

In some plants, as in many kinds of Acacia, the leaf loses its expanded lamina 
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but a flattened petiole, or phyllode, takes its place. Leaf reduction is seen also in 
nnt Z Succulent plants the stems of which, though green and photosynthetic are 
ot flattened , the cacti are examples. In them the leaves are either lost altogether 
or are perhaps reduced to the numerous spines, while the thick stem contains water- 

drought WH,Ch may Cnable PlantS t0 withstand lon g Periods of total 


Climbers and epiphytes 

It is by no means only in relation to water that plant form is modified. The 
adoption of certain modes of life, of ways of obtaining essential substances or of 
gaining access to sunlight, have altered the direction of evolution so that with ever 



Fig. 149. Mechanisms of attachment in certain climbers (the bramble after Brimble, 

Virginia creeper after Strasburger). 
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greater specialisation has come increasing peculiarity of structure. When plants 
live crowded together they compete for light, and this competition resolves itself 
in part into a struggle to reach greater and greater heights. But height, if self- 
supported, demands a strong trunk and masses of skeletal tissue which has no 
value except for support, and this expenditure can be avoided by the use of an 
external support. Many plants belonging to various groups have thus combined 
elevation with economy by the development of the climbing habit. 

In climbers, the functions of many of the tissues found strongly developed in 
more independent plants is performed by the support on which they climb, and 
thus in them the mechanical tissues like sclerenchyma are reduced, the xylem 
vessels are few and large, and secondary thickening reduced or absent. On the 
other hand, new structures are formed attaching the climber to its support. Many 
plants climb by straggling over others, supported by stiff whorls of leaves held at 
right angles to the stem, or by hooks, prickles, or other devices. Among these 
climbers, which are known as ‘ stragglers are the bramble (Rubus) and the goose- 
grass ( Galium aparine). In ‘ prehensile ’ climbers the stem, by growing in a spiral, 
may twine itself around the support, or the support may be grasped by spirally- 
growing whip-like tendrils. Tendrils are usually modified leaves or leaflets. Thus 
in the sweet-pea ( Lathyrus odoratus) the lamina of the leaf is divided into three 
leaflets of which the middle one has become a tendril ; the petiole, flattening as a 
phyllode, compensates for the loss of photosynthetic surface. Tendrils often form 
spring-like structures, as in the white bryony {Bryonia dioica ), perhaps acting as 
shock-absorbers against the pull of the wind. 

Adhesive climbers attach themselves by the close application of some part of the 
plant to the supporting surface ; the ivy {Hedera helix) attaches itself by means of 
short adventitious roots arising laterally from the stem. The Virginia creeper 
{Ampelopsis) has branched tendrils of which each branch expands into a disk which 
by very close adaptation to the detailed form of the support and aided by an ad¬ 
hesive cement, forms the organ of attach-, 
ment. In this case, the tendril is formed 
by modification of an entire shoot. 

Epiphytes, like climbers, live support¬ 
ed by other plants, but differ from them 
in having lost their connection with the 
ground, so that their great difficulty is 
in getting an adequate supply of water ; 
hence, many show xerophytic charac¬ 
ters The leaves may be transformed 
into scales which absorb rain or dew, or 
their expanded bases may act as water 
reservoirs. In some epiphytic orchids 
there are long aerial roots hanging in the 
air and in these the dermatogen gives 
rise, not to a piliferous layer, but to 
several layers of dead cells which, like 
a sponge, absorb water falling or con¬ 
densing on the roots, while the cortex 
of the roots contains chlorophyll and is 





Fio. *50, ,An epiphytic orchid showing aerial 
roots (after Kerner and Oliver, re-drawn^. 
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photosynthetic. In the orchid Taeniophyllum the roots are ribbon-like, green, and 
flattened against the tree used as a support, while the true leaves are reduced to 
scales and there is no stem. The leaf-like roots are the photosynthetic organs of 
the plant. 

Annuals and biennials 

Many plants flower and seed in their first year of life and then die ; they are 
said to be annuals. The groundsel ( Senecio vulgaris) and the shepherd’s purse ( Cap - 
sella bursa-pastoris) are examples. It is supposed that they die because they have 
used up their reserve of food materials in their flowers and fruits, and this idea is 
supported by the result of experimentally removing their flower buds. They may 
then survive into a second year and some which are normally herbaceous may 
become shrubby. Certain other plants grow during their first year and accumu¬ 
late a store of food reserves, often in the swollen cortex of the root. They do not 
flower in the first year, but the aerial parts usually die down at the end of the 
season. In the following year new aerial parts are formed and the plant flowers, 
using in the process the reserve of food accumulated in the year before. They 
then die. Such plants, whose life-cycle occupies two years, are biennials. 

Perennials, organs of perennation and vegetative reproduction 

In a few plants, as in the palm Corypha , flowering may be postponed for many 
years, then occurring in a great outburst which is followed by death. A great 
many plants flower annually, but not in such sacrificial splendour, and the plant 
is able to maintain reserves of food sufficient to keep it going from year to year. 
Such plants are perennials. 

Perennial plants may be herbs, like tulips and crocuses, shrubs, or trees. 
During the inactive season (winter, in temperate and cold climates) the aerial 
parts of perennial herbs usually die, while the plant is continued, until the return 
of vegetative activity, by organs of perennation. These are structures which contain 
a reserve of food material and which remain dormant while conditions are un¬ 
favourable. When conditions are favourable again new aerial shoots grow out. 
building themselves from the food material stored in the perennating structure. 
Organs of perennation are very often also organs of vegetative reproduction, in which 
new plants develop from separated fragments of the vegetative structure of older 
plants and not, as in other modes of asexual reproduction, by specific reproductive 

bodies like spores. . _ 

An organ of perennation with which we are already acquainted in the fern is 
the rhizome, a stem which grows horizontally underground. In the fern the apical 
meristem continues the growth of the rhizome through the soil, while only the 
leaves ascend into the air. In other cases, as in Solomon’s Seal ( Polygonatum multi- 
forum) a true aerial shoot with stem and leaves is formed by the apical bud of the 
rhizome which, at the beginning of the active season, turns up into the air. It 
bears scale leaves on its lower part and the axillary bud of one of these grows 
on beneath the soil, continuing the rhizome. In both the fern and Solomon s Seal 
the rhizome branches and, as the older parts die and rot away, the isolated living 
parts give rise to independent plants. 

Another way in which stems act as organs of vegetative reproduction is seen 
in runners, horizontal stems which lie above the ground. In strawberry plants 
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Fio. 151. A, strawberry plants (from Brimble) ; B, a young potato plant (after Pcrcival) ; 
C, a rhizome of Solomon’s Seal (after Strasburger, re-drawn). 


{Fragaria species) the runner grows out from the axial bud of one of the leaves. By 
means of its own apical bud it grows along the ground, bearing a few small very 
much reduced leaves called scale-leaves. When the runner has reached a certain 
length its apical bud turns upwards and forms a new strawberry shoot beneath 
which roots are formed. Later, a new runner grows out from the axillary bud of 
one of the leaves of the new plant. Sometimes a new plant is formed by the 
axillary bud of a scale leaf while the runner is continued by the apical bud. 

A bulb is in origin and structure a bud, but one which is specialised as an organ 
of perennation. It consists of a very short stem ending in an apical meristem and 
enclosed by closely set leaves. Most of the leaves are thick and fleshy, being stored 
with reserves of food, but the outermost are thin and scaly, having a protective 
function. Each of the leaves has of course its axillary bud. At its lower end the 
stem bears a number of roots. In spring, when the bulb sprouts, the roots grow 
into the soil and the aerial shoot develops. K 

un ?nt^fV UU ? (r fj? a « thiS f ° r T. 1 by growlh of the a P icaI meristem which pushes 

foHa^ m l ri’ C leaVCS formed below the flower become the 

foliage. Meanwhile the food reserves in the storage leaves of the bulb are drained 

aTmeTr^ 6 7T 8 aeriaI 1 sho 2, t ; Mtcr flowering, the foliage leaves persist for 
time, forming food materials. These are stored, not once again in thewithered 
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store houses become the bulbs of the new 
generation, giving rise to aerial shoots 
in the next season. Evidently, whenever 
more than one new bulb is formed from 
an old one, there has been vegetative 
reproduction as well as perennation. In 
some other bulbs, like that of the Nar¬ 
cissus, the fleshy storage leaves are 
formed from the persistent storage 
bases of old foliage leaves, the green 
leaves of the shoot from the central 
bud, and the flower from the axillary 
bud of one of them. 

In a corm the storage organ is the 
swollen base of the stem and this is wrap¬ 
ped in thin scale-leaves each of which, of 
course, has an axillary bud. In spring, 
one or several of these axillary buds form leafy and flowering shoots, in the process 
using up the food stored in the corm, which therefore shrinks. Later in the season 
each shoot deposits reserve materials in the base of its stem, so that as many new 
corms are formed in autumn as axillary buds formed shoots in spring. Thus corms 
are not only organs of perennation but also lead, as bulbs also may do, to vegetative 
reproduction. A common corm-producing plant is the crocus. At the bottom of 
a growing Crocus shoot one can often see not only the corm formed last summer, 
at whose expense the plant is growing, but the shrivelled remains of the one used 
up last summer, while sometimes a new corm is indicated by a swelling at the base 
of this year’s stem. 

Another interesting organ of perennation in which stems and leaves are in¬ 
volved, is the potato (Solarium tuberosum , Fig. 151,/?). The potato tuber is a swelling 
on an underground stem ; these stems grow from axillary buds formed low down on 
the aerial stem and push through the soil, swelling at their ends to form tubers. The 
‘ eyes ’ of the tuber are very small scale-leaves each with an axillary bud. If the 
potato be left in the ground these buds will, in the following year, produce new 
aerial shoots which in due course give rise to tubers. Evidently we see here once 
again a storage organ combining the functions of perennation and vegetative 
reproduction. 

In the lily, Lilium bulbi/erum, some of the axial buds become swollen with 
reserve foods and, after falling off the plant, take root. Such reproductive buds 
are known as bulbils. In the cuckoo-flower (Cardamine pratensis) similar buds are 
formed adventitiously on some of the leaves. In some plants adventitious buds 
can be formed on detached leaves, and take root. If the leaves, or leaf fragments, 
of Bryophyllum are put on moist soil little buds appear along the edges and form 
complete plants. Sometimes buds with roots may be formed by leaves which are 
still attached to the parent plant, especially in ferns of the genus Asplemum. 

In certain plants the normal reproductive processes leading to seed formation 
have disappeared. Thus the cultivated varieties of the banana plant (Musa 
sapientum) produce no seed and are reproduced entirely from the rhizome. The 
sugar-cane (Saccharum officinarum), an enormous grass from which sugar is obtained, 



Fig. 152. Left, a bulb, its apical bud 
about to form a shoot ; middle and right, 
crocus corms. On the right, a new corm is 
forming at the base of the stem of a new shoot 
(from Brimble). 
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rarely flowers, and the plant is culti¬ 
vated from cuttings. It is evident 
from such long-continued propoga- 
tion of plants without the intervention 
of sexual reproduction, and from 
cases in animals such as some insects 
and crustaceans in which males no 
longer exist, that the sexual process is 
not essential to racial survival ; but 
such organisms must dispense with 
the variation which the sexual process 
causes, and so may suffer disadvan¬ 
tage in comparison with more vari¬ 
able competitors in the struggle for 
existence. 

The ability of plants to reproduce 



Fig. 153. Left, a detached leaf of Bryophylhnn 
producing a number of small plants ; right, a pan 
of a frond of Asplnmm on which a new fern plant 
has appeared. 


vegetatively is used by Man in propogation by cuttings , for a cutting is merely a 
piece of stem with one or more buds. By producing roots and by the growth of 
the buds it establishes itself as an independent plant. 

In the operation of grafting , a bud, or a piece of stem with several buds, is in¬ 
serted in a cut made in a plant. When the operation succeeds the graft becomes 
joined to the host by a mass of tissue called callus and eventually vascular continuity 
is established. The graft and host need not be of the same species, so that peach 
may be grafted on plum, apple on pear, or pear on quince, but the relationship 
must not be too distant. Neither graft nor host affects the essential qualities of the 
other, but the size of fruit, the time of fruiting, and similar traits in the graft may 
be influenced by the host, to the advantage of the horticulturist. 



CHAPTER XVII 


THE LAND CONQUERED : THE LIFE-CYCLE OF 

FLOWERING PLANTS 

We have seen that the life-cycle of the fern is divided into two alternating 
generations, one diploid and spore-bearing, the other haploid and gamete- 
producing. We saw too, that while the sexual process plays an extremely im¬ 
portant part in the life-cycle, the need for free external water, enabling the motile 
male gametes to swim to the female gametes, makes it unsuitable as a method of 
increasing the numbers of individual plants living on land. The result in land 
plants has been an increased assumption by the sporophyte generation of the 
function of multiplication and a corresponding abandonment of this function by 
the gametophyte. In the fern each individual gametophyte gives rise to only one 
sporophyte, while each sporophyte produces many spores (potential gametophytes). 
We see in the fern sporophyte the immense vegetative growth of the soma, the 
enlargement and elaboration of which makes possible the production of enormous 
numbers of spores, and the gametophyte we find reduced to a structure capable 
only of the production of gametes and of the nourishment during its early stages of 
a single young sporophyte. 

In the flowering plants the life-cycle differs from that of the fern in the follow¬ 
ing respects, (i) The sporophyte generation (which is the flowering plant itself) 
produces two kinds of spores, small microspores and large megaspores, a habit known 
as heterospory to contrast it with the homospory of the fern. (2) The microspores are 
shed, but the megaspores are retained within the tissues of the sporophyte. (3) The 
microspores and megaspores germinate to form, respectively, distinct male and 
female gametophytes, which are much more reduced than is the hermaphrodite 
gametophyte of the fern. (4) The evolution of a new structure, the pollen tube, 
within which the male gametes are carried passively to the ovum, has been accom¬ 
panied by their loss of the power of independent locomotion and has abolished 
the need for free external water in fertilisation. (5) The retention of the mega¬ 
spore has resulted in the evolution of a new reproductive body, the seed, and in a 
mechanism for its dispersal, the fruit. 

SPORE FORMATION AND THE FLOWER 

In both the fern and the flowering plant, the large leaf-bearing independent 
plant is the diploid sporophyte. It gives rise to haploid spores. In most ferns all 
the leaves both photosynthesise and bear spores, but in flowering plants the pro¬ 
duction of spores is restricted to specially modified leaves which have abandoned 
photosynthesis. Spore-bearing leaves are sporophylls, whether they are also photo¬ 
synthetic or not. Sporophylls bearing microspores are microsporophylls, those bear¬ 
ing megaspores are megasporophylls. 
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Fic. 154. The buttercup. A, the flower with two petals removed ; B, the base of a petal. 


The flower 

The sporophylls of flowering plants are found in the flowers. A simple flower, 
like a buttercup, consists of the following parts. On the outside of the flower, and 
constituting the calyx, is a series of five green leaf-like structures called sepals. 
These form the outermost covering while the flower is in bud. Above the sepals 
are five yellow petals, which together make up the corolla. Each petal has at its 
base a little yellow scale beneath which a gland, the nectary, secretes a sweet liquid, 
the nectar, which certain insects collect. Higher in the flower than the petals is 
a large number of thread-like bodies, the filaments, each bearing at its tip a box-like 
anther. The anther and its filament constitute a stamen, and all the stamens together 
constitute the androecium. In the centre of the flower a number of small, roughly pear- 
shaped bodies are the carpels. The swollen base of each carpel is its so-called ovary 
and the narrow upward prolongation from the ovary is the style. The top of the style 
is the stigma. The carpels together make up the gynoecium. All these structures 
are carried on a short cushion-like expansion of the stem, called the receptacle. 
Calyx, corolla, stamens, and carpels are shown by this structure and development, 
and from the study of fossils, to be leaves more or less modified in connection with 
their special functions. The ‘ leaves ’ on which the spores are born, or sporophylls 
are the stamens and carpels. 


Microsporophylls, microsporangia, and microspores 

The stamens are the microsporophylls and the microspores are formed in the 
anthers. A transverse section of an anther shows that it is a four-Iobed structure 
with a cavity in each lobe. These are the cavities of the microsporangia (usually 
known a z pollen sacs). At an early stage in the development of the flower the pollen 
sacs are filled with cells the archesporial tissue, and these by multiplication produce 

b” C l lh \ N ^ t5 . . cach s P° re mother cel1 divides twice ; one of these 
visions is a reduction division, and the two constitute meiosis. The four cells 

formed from each spore mother cell are therefore haploid ; they are, in fact 
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inner layer, which is not pierced by the pores, is the inline. Each microspore when 
thus equipped with its hard coat, is a pollen grain. 

The pollen grains are liberated by the bursting of the pollen sacs (micro- 
sporangia) as a result of desiccation of the anther. 

Megasporophylls, megasporangia, and megaspores 

The megasporophylls, or leaves bearing megaspores, are the carpels. In a 
simple case each carpel resembles a leaf folded upon itself at the mid-rib and with 
the edges fused. There is thus formed a hollow structure drawn out above so as to 
be more or less tubular. Its free extremity, or stigma, is usually flattened or lobed, 
and is often covered with a sticky substance. The megasporangia are found 
within the swollen base of the carpel where the early botanists mistook them for 
ova and called them ovules while applying the name ovary to the portion of the 
carpel containing them. These names are still used, but it is of extreme import¬ 
ance to bear in mind that the ‘ ovule ’ is not a gamete, but a sporangium, and the 
ovary ’ not a gonad but part of a specialised spore-bearing leaf or leaves. 

Each megasporangium, or ovule (Figs. 156, 162), arises as a projection from the 
wall of the ovary and comes to be a mass of thin-walled cells borne on a stalk. 
Usually it bends back upon the stalk. Meanwhile two collar-like coats of tissue grow 
up round the distal part of the ovule ; these are the inner and outer integuments, 
which later be come the seed coats. The structure which they ensheathe may now 
be called the nucellus. The integuments completely enclose it except for a small 
pore, the micropyle. 

The megaspore develops in the nucellus. One of the cells just beneath its surface 
at the end near the micropyle enlarges. This is the archesporial cell. The develop¬ 
ment of the megaspore differs from that of the microspore (pollen grain) in that 
instead of a tissue consisting of many archesporial cells only one such cell is formed. 
The single archesporial cell is also the single megaspore mother cell. It divides twice. 
One of the two divisions is a reduction division and the two therefore constitute a 
meiosis. The four daughter cells are thus haploid ; they are megaspores, the first 
cells of the female gametophyte. Three of them soon disappear so that only one 
megaspore is actually present in each mature ovule or megasporangium. It is not 
shed from the megasporangium, but is permanently retained in it. 

THE MALE AND FEMALE GAMETOPHYTES 

The male gametophyte 

The microspore (pollen grain) germinates before it is shed from the anther. 
The nucleus divides into two. Each of the daughter nuclei aggregates some of the 
cytoplasm round itself and so two cells are formed. One of these is the vegetative 
cell ; it is all, that remains of the vegetative structure of the male prothallus. For a 
reason which will appear on p. 216, it is often called the tube cell and its nucleus 
the tube nucleus. The other cell formed by the division is the antheridial mother cell. 
It later (p. 216) divides to form two male gametes, so that the entire vegetative 
and reproductive structure of the male gametophyte consists of three cells. 

The female gametophyte 

The single megaspore lying in the nucellus of each megasporangium is not shed, 
as are the microspores of flowering plants and the spores of the fern, but is retained 
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DEVELOPMENT OF POtl£N MOTHER CELLS 
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Fio. 155. Transverse sections of an anther, at successive stages, showing the formation 

and liberation of the pollen (from Brimble). 
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permanently within the tissues of the ovule. 

It germinates in that position. While ger¬ 
minating, it enlarges considerably at the 
expense of the surrounding tissue of the 
nucellus, and is now known as the embryo 
sac. 

Its nucleus divides three times. The 
eight nuclei so formed are at first arranged 
four at each end of the embryo sac, but one 
nucleus from each group of four passes to 
the middle of the embryo sac and these 
two nuclei fuse with one another. Such 
a fusion obviously resembles a fertilisation 
but the product of the fusion is not an em¬ 
bryo ; it is called the primary endosperm nucleus 
because it is later concerned in forming a 
structure called the endosperm (p. 217). The - fl c 

three nuclei which remain at the end of the Fig. 157. A, pollen grain before germ- 
embryo-sac remote from the micropyle 'nation ; Band C, stages in the germination 
. 11 11 j 1 /. of a pollen grain, forming the male garnet- 

acquire cell walls and are known as the ophyte. 0,6 6 

antipodal cells. They, and the primary endo¬ 
sperm nucleus, are at this stage the sole representatives of the vegetative structure 
of the female gametophyte. Of the three nuclei near the micropyle one is the 
ovum while the other two are called synergids. The latter are all that remains of 
an archegonium. With the formation of the antipodal cells, the primary endosperm 
nucleus, the synergids, and the ovum, the female gametophyte is complete, except 
for the further development of the endosperm (p. 217). 

POLLINA TION 



Self-pollination and cross-pollination 

Since the male and female gametophytes each develops wholly within the 
microspore and megaspore, and since the megaspore is not shed but remains em- 
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Fig. 158. Germination of the megaspore to form the female gametophyte. 
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bedded in the megasporangium (ovule), clearly the ovum can only be fertilised if 
the microspores or pollen grains are brought into proximity with the megaspore. 
This process is called pollination ; it is the transference of pollen from the anther 
of a flower to the stigma either of the same flower or more usually of another flower 
of the same species. 

Cross pollination, in which the flower is pollinated from anthers of a different 
plant, is much commoner than self-pollination, in which the stigma receives pollen 
from anthers of the same flower ; it has been shown by experiment usually to 
result in more vigorous progeny than are produced from self-pollinated flowers 
and to increase variation among the offspring. Nevertheless, in many plants the 
flowers are normally self-pollinated. Frequently, where cross-pollination occurs, 
self-pollination occurs too, especially if cross-pollination fails. 

Prevention of self-pollination 

Self-pollination is prevented, or rendered less likely, in a number of different 
ways. In a few plants the flowers are ‘ unisexual ’, a somewhat inexact term which 
really means that each flower produces only microspores (‘ male ’ flowers) or only 
megaspores (‘ female ’ flowers), but not both. In some plants with unisexual 
flowers, both kinds of flower are found on the same plant ( monoecious plants, like 
the hazel, Corylus) while in others individual plants bear only ‘ male ’ or only 
‘ female ’ flowers ( dioecious , like the willow Salix). 

The great majority of plants have hermaphrodite flowers (producing both kinds 
of spore). In some of these the anthers ripen and the pollen is discharged before 
the stigma is ready to receive it, as in the Canterbury bell ( Campanula ), while in 
others, like the plantain ( Plantago ) the stigma of each flower matures and the ova 
are fertilised before its own pollen is ready. In others again self-pollination is 
prevented by self-incompatibility, doubtless biochemically caused, which usually 
has the effect of gready retarding the growth of the pollen tube (see below) formed 
by pollen grains derived from the same plant, so that it fails to reach the ovum. 
In still other plants again various mechanical devices prevent self-pollination ; the 
Salvia flower, for example, is so constructed that an insect entering it comes into 
contact with the stigma, (dusting it with pollen which it brings from other 
flowers) before it touches the anthers. 

Cross-pollination 

Pollen grains must rely on external agencies for their transference to the stig¬ 
mata of other flowers. By far the chief of these agencies are the wind and animals, 
especially insects. 

Wind-pollination ; the plantain. In plants whose pollen is carried by the wind 
the flowers are generally small, inconspicuous, and usually have neither nectar 
nor scent. But they are often very numerous and produce great quantities of 
light powdery pollen easily carried by the gentlest breeze. The anthers are usually 
borne on long filaments which hold them well out from the flower where the pollen 

7 b 5 ca " 5 r “Hf 1 f wa y by the Wind, while the stigma too is generally long and 
often branched or feathery, increasing its surface and heightening the chance that air¬ 
borne pollen will be blown onto it. These features are well exemplified by trass 
flowers, fig 159, and by the plantain, a very common weed in lawns (. Plantago media). 

In the plantain a considerable number of small flowers are carried close 
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together forming a 4 head \ Each litdc flower develops from the axillary bud of a 
tiny scale-like leaf called a bract . There are four sepals (two of them fused together 
almost to their tips), four petals joined almost to their tips and forming a long 
tube, four stamens with long filaments by which the anthers are held out in the 
wind, and a long stigma covered with short hairs or branches which increase the 
area exposed as a pollen trap. The lowermost flowers become mature first and 
those at the apex last, and in each the stigma is mature before the anthers, pro¬ 
truding from the flower while it is still a bud with the anthers shut up inside it. 
By the time the flower is open, and the anthers exposed, the stigma has already 
received pollen grains from other flowers and probably from other plants. 

Insect-pollination ; the buttercup and sweet-pea. By far the majority of flowers 
are pollinated by insects but a few by birds and a very few by other animals like 
bats or (in Aspidistra) by snails. Most insect-pollinated flowers produce a sugary 
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Fig. 160. The plantain. 
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secretion from glands usually situated at the bases of the petals (Fig. 154). Many 
insects use this nectar as food and they may also, like the honey-bee, collect pollen 
for the same purpose. The brightly coloured parts of the flower, and its scent, are 
an advertising display, telling interested members of the insect world that here 
nectar and pollen are to be had. Visiting insects get pollen dusted on them by 
rubbing against the anthers and then, when they visit other flowers, some of this is 
brushed off by contact between the insect and the stigma. When a buttercup 
opens from the bud the most peripheral anthers ripen first and then the others 
become mature successively in centripetal order. The stigma is not at first ready 
to receive pollen, only becoming mature when the last of the anthers are ripe. 
Evidently self-pollination is not completely excluded. When a large insect, like 
a bee, visits a flower in the ‘ male ’ stage (before the maturity of the stigma) it 
has to push its way through the crowded anthers to reach the nectaries at the bases 
of the petals ; in doing so its underside is dusted with pollen. If, now, it visits 
an older flower with ripe stigmata, its underside brushes over them and so’transfers 
pollen grain to them. In some cases the relation between a particular species of 
flower and a particular insect has become so close that the flower can be pollinated 
by that species of insect and no other. While a closeness of adaptation such as 
this is rare many flowers can be pollinated only by insects sharing some structural 
feature. Flowers with petals forming a long, narrow and deep tube are only visited 
by insects provided with a long proboscis, for others cannot reach the nectar. The 

XSTZEXr rd ? d0nshipS betWCen particuIar flowers and particular 
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Fig. i6i . The sweet pea (Lathyrus). A , flower with a wing removed to show the keel ; 
D t the single carpel opened to show the ovules ; C and Z), exposure first of the stigma 
and then of the anthers when an insect depresses the wings and keel. 


biological advantages (p. 13-14) and anything which will make its occurrence more 
probable is advantageous in the struggle for existence. The use of insects as pollen 
carriers does exactly this, and also makes for economy in pollen. Hence an advan¬ 
tage lies with any plant which, by offering a bribe in the form of nectar and a 
striking advertisement in its petals or other large and coloured parts, is more suc¬ 
cessful than its competitors in attracting insects. 

Thus the form and colour of our flowers has been determined by the sensitiv¬ 
ities of insects. The effect, however, is not all one way, for insect evolution, too, 
has been influenced by this curious relationship. Some large and important insect 
groups, like the butterflies and the honey-bees, could never have come into 
existence if there had been no flowers, and the existence of flowers has profoundly 
affected their structure. This we may see in the long proboscis of the butterflies, 
which can suck nectar from the bottoms of tubular flowers, and in the exquisitely 
constructed nectar-sucking ‘ tongue ’ of the bee and the amazing array of branched 
hairs, combs, and spines by means of which pollen is collected, loaded, and un¬ 
loaded again in the hive. One of the most remarkable of these relationships be¬ 
tween flowers and insects is that between the Yucca tree and a small moth. The 
moth is the only agent which can pollinate the flower. By means of her maxillae, 
which must have evolved their unique structure in connection with this particular 
function, she collects pollen from several flowers, then goes to another flower and 
lays an egg in the ovary. Finally she climbs up to the stigma and pushes pol en 
into it, so ensuring that seed shall develop. Some of the seeds are eaten by the 
caterpillar which hatches from the egg ; this is the price paid by the plant for the 

development of the remainder. 

FERTILISATION 

When the pollen grain has been transferred to the surface of the stigma there 
grows out from it, through one of the pores in the exine, a delicate tube, th t pollen 
tub* which is continuous with the intine. The vegetative cell enters the tube and 
is followed by the antheridial mother cell, the cytoplasm of which ^ontouou 
with that of the vegetative cell. Next, the nucleus of the antheridial mother ce 
divides to form two nuclei ; these are the two gamete nuclei. There are now three 
nuclei passing along the tube, that of the vegetative cell leading the way. 
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The pollen tube grows into the tissues 
of the stigma and down the style through 
the mucilaginous material which may fill 
it, or in the cell-walls of its parenchyma¬ 
tous tissue, or even through the cells them¬ 
selves. Finally, it reaches the ovule, passes 
through the micropyle, and penetrates into 
the embryo sac. The two gamete nuclei 
enter the embryo sac. One of them fuses 
with the ovum. This syngamy constitutes 
fertilisation and the diploid nucleus resulting 
from it is the zygote, the first cell of the new 
sporophyte generation. The two synergid 
nuclei degenerate, their function evidently 
not extending beyond fertilisation. 

The other male gamete passes deeper 
into the embryo sac and fuses with the 
primary endosperm nucleus, which, it will 
be remembered, was itself formed by the 
fusion of two cells of the female gameto- 
phyte. The nucleus which results from this 
further fusion must clearly have three times 
the number of chromosomes present in the 
cells of the gametophytes ; it is said to be 
triploid, and is called the secondary endosperm 
nucleus. 
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Fig. 162. Longitudinal section of a 
carpel witb an ovule containing a female 
prothallus which male gametes have ent¬ 
ered (after Brimblc, altered). 


The pollen tube is a structure of great significance in the evolution of the higher 
plants because its development was the last step in eliminating from the life-cycle 
the need for free external water in which motile gametes should swim to the ova. 
It is found in all the higher plants, including not only the flowering plants but also 
more primitive terrestrial groups like the conifers and cycads. The cycads are 
interesting because their pollen tubes contain flagellate swimming gameles. 
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Fig. 163. A y the pro-embryo of a flowering plant ; By an older embryo shown within the 
ovule (now the seed) (A, from Brimble ; diagrammatic). 

by ( b ) a filament of cells called the suspensor with (c) a small rounded group 
of cells, the embryo, which the growth of the suspensor has pushed deep into 
the embryo-sac. The whole structure is embedded in, and derives nutriment from, 
the endosperm. By further cell divisions the embryo becomes a large and two- 
lobed structure with a small projection between the lobes. The lobes are the two 
cotyledons, or seed leaves, which in many plants never issue from the seed. In the 
large and important group of plants called monocotyledons (grasses, cereals, palms, 
lilies, etc.) only one cotyledon is formed. The projection between the cotyledons 
is the plumule ; from it develops the first shoot of the seedling. The first root, or 
radicle, arises from the end of the embryo remote from the plumule. 

The seed consists of the ovule and its contents, the embryo and endosperm. The 
integuments form the testa or seed coat. It should be noticed that since the testa 
is a part of the megasporangium (ovule) it belongs to the parental sporophyte. 
The female gametophyte formed by the germination of the megaspore can be 
regarded as represented by the endosperm, while the embryo is the new, or filial 
sporophyte. Thus three generations are represented in the seed, which could 
never have come into existence but for (a) the differentiation of the spores into 
microspores and megaspores, (b) the retention of the megaspore within the mega¬ 
sporangium, attached to the parent plant. The advantages of the seed as a repro¬ 
ductive body lie in the nourishment conveyed from the parental sporophyte to the 
endosperm and thence to the embryo and seedling, in the protection of the embryo 
within the parental tissues, and finally in the assistance given to the distribution 
of the seeds by the development of the fruit (see below). It is interesting thatin the 
highest forms of both animals and plants (the placental mammals and the flower- 
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ing plants) the embryo is for a time retained in and nourished by the parental 
tissues. 

Seeds, once formed, usually pass into a resting stage before they will germinate. 
In some kinds of seed the endosperm is still present in the resting seed, and such 
seeds are described as endospermic. An example is the seed of the castor oil plant 
(Ricinus). In others the endosperm disappears before the resting period begins, its 
reserves of food having passed into the embryo itself, where they often accumulate 
in the cotyledons, as in the runner bean seed. Such seeds are non-endospermic. 


DISPERSAL OF THE SEED : THE FRUIT 

It is an advantage for seeds to be distributed as far as possible from the parent 
and from one another. This distribution is usually effected by the fruit, but some¬ 
times by the seeds themselves, while sometimes both play a part. 

Fruits are formed by all flowering plants. Morphologically, a true fruit is 
formed from a carpel or carpels, but especially from the ovary (the basal seed- 
containing part of the carpel or carpels). It therefore contains the seeds. Since 
the fruit usually fails to form in flowers whose gynoecium has not been pollin¬ 
ated, the changes in the wall of the ovary by which it is converted into the fruit must 
be added to the other events, such as the enlargement of the ovule and formation 
of the seed, which are consequences of fertilisation. When the wall of the ovary 
has undergone these changes it is known as the pericarp. The fruits of different 
plants vary greatly in character and structure and can be classified into dry and 
succulent types. Differences in fruit structure are brought about in several ways. 
Often they follow automatically from differences in the structure of the flower. 
Thus some plants, like the buttercup, have many separate carpels (actually, in this 
example the carpels are joined together at their bases), while the pea flower has but 
one. Other plants may have several carpels (usually three or five) all fused together 
to form a single ovary, style, and stigma ; but they are joined to one another in 
different ways in different plants, and they may share a single cavity, or each keep 
its own ca\nty distinct. All these differences may be reflected in the different 
structures of fruits. Other differences follow from events in the growth of the fruit 
itself, the pericarp in some acquiring outgrowths and in others not, or part of the 
pericarp may become stony in some and not in others. In some, known as ‘ false 
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is drawn out into a membranous wing-like expansion which lessens the rate of 
falling and helps the wind to blow the fruit away. Aerodynamically, it acts like 
the horizontal wind-driven air-screw of an autogyro. A number of fruits are 
carried through the air with the aid of parachutes, as is well known in the dande¬ 
lion ( Taraxacum ). This is strictly not a true fruit at all, but a pseudocarp, for it 
consists of the calyx enclosing the ovary ; the calyx is pulled out above the ovary 
into the parachute of delicate hairs. Cereal and grass fruits, too, are dry, indehis- 
cent, and often wind distributed, being small and light. Many indehiscent fruits 
are distributed by animals. Pre-eminent here is the distribution of grass and 
cereal fruits by man, who has thus spread valuable food plants, like wheat, far and 
wide over the earth. In other cases the fruit is distributed either attached to the 
outside of the animal, or else inside it. For external carriage many fruits have 
spikes, hairs or hooks, for attachment to the skin or hair, as in the burrs of many 
grasses. 

The dry indehiscent fruits are subdivided into a number of types, to which 
special names are given but are mostly so alike in their morphology that for our 
purposes they may all be called achenial fruits. 

Dehiscent fruits. These fruits split open to release the seeds of which they usually 
contain several or many, and the fruit often remains attached to the parent plant. 
The manner of splitting differs in different fruits, depending largely on the con¬ 
struction of the ovary, and there is also much variety in the modes of distribution 
of the seeds. In some cases the seeds are thrown out by a mechanical device in the 
fruit. A good example of this is the ‘ pod ’ of the members of the pea and bean 
family (Leguminosae) , which is known as a legume. It consists of the single carpel 
of the flower and its cavity contains a row of seeds. When ripe, the two walls of the 
carpel dry and split apart from one another. As desiccation continues tensions 
are set up in the two walls, causing them to twist suddenly into spirals, and this 
shoots out the seeds to a considerable distance. Mechanical devices of more or 
less similar nature are found in a number of other fruits. 

1 1 is common for the seeds of dehiscent fruits to be distributed by the wind. The 
most usual device is the so-called ‘ censer mechanism in which the seed is re¬ 
tained in the open fruit until it is shaken out, and probably blown away, by a 
strong wind. In the columbine ( Aquilegia ) and the aconite (Acomlum) the fruit is a 
follicle , a type which resembles a legume except in splitting down one side only. 
When the several follicles of a single flower open they wall in a space from which 
the seeds cannot escape unless a strong wind shakes the plant sufficiently violently 
for them to fall out, when they may be blown away. 

A very common type of dehiscent fruit is the capsule , a box-like structure, always 
formed from several fused carpels, and having a cavity which may or may not be 
divided into compartments. Capsules are of very varied structure and those of 
different plants dehisce in different ways. That of the poppy ( Papaver) has a 
number of small holes just below the top ; the small light seeds are shaken out of 
these on windy days. In the pimpernel ( Anagallis) the capsule is a little cup¬ 
shaped structure, opening by the lifting off of its lid. Most follicles dehisce by 
longitudinal splitting. The seeds thus liberated are usually air-borne. 

In the orchids ( Orchidaceae ) the seeds are extremely numerous and very 
minute so that they are easily carried through the air. A number of plants pro¬ 
duce in their capsules seeds which have parachute devices more or less closely, but 
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Fruits of Dandelion (Taraxacum ) 





Agrlmonia Cynoglossum Bidens 






Follicle of Aconite 
Legumes of Lotus corniculatus (Aconitum) 
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(Anagallis) 




Drupe of the Cherry 
(Prunus cerasus) 


Capsule of Poppy 
(Papaver) 


Capsule of Eplloblum 
c olllnum 



Pseudocarp of 
Strawberry (Fragaria) 


Fio. 164. Examples of various types of fruit; after various authors and from specimens. 
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superficially, resembling that of the dandelion fruit, as in the 
willow-herb ( Epilobium ). An interesting and important ex¬ 
ample is the cotton plant (Gossypium), the seeds of which are 
covered by long thin cellulose hairs which catch in the wind 
and support the seed. These hairs are the raw material of 
cotton. 

Succulent and fibrous fruits 

There are two principal kinds of these fruits, namely, 
drupes and berries. Drupes are stone-fruits ; the inner zone of 
the thick pericarp is hard and woody, forming the stone 
which encloses the kernel or seed, while the rest of the pericarp is either succulent as 
in the plum and peach or fibrous as in the coco-nut. In true berries the whole 
pericarp is succulent, the seeds not being enclosed in a stone. Very few of the fruits 
ordinarily called ‘ berries ’ are recognised as such by botanists, who regard most 
of them as drupes because the seeds are enclosed in a stone ; thus in the blackberry 
and raspberry each little succulent fruitlet is a complete drupe. The gooseberry 
however, is a true berry. Surprisingly, melons, marrows, oranges, and bananas, 
whose seeds lie naked in succulent pericarps, are all ‘ berries * in botanical 
terminology. 

Succulent fruits are distributed by animals, especially birds, which either eat 
them, the stone or seed being voided undamaged and with a supply of manure, or 
else carry them away and drop the stone or seed, often at some distance from the 
parent plant. The coco-nut is a sea-borne drupe ; the pericarp is fibrous. 

False fruits or pseudocarps 

In pseudocarps the fruit is made up of other structures besides the ovary, very 
commonly the receptacle of the flower. In the strawberry the scarlet succulent 
‘ fruit ’ is really the greatly enlarged receptacle while the true fruits (which are 
achenial) are the tiny dry and indehiscent specks scattered over its surface. The 
rose ‘ hip ’ is again the receptacle, concave in this case, containing in its hollow a 
number of small dry indehiscent achenial fruits. A third example is the apple, a 
representative of a type of false fruit called pomes. In pomes the receptacle grows 
right round the true fruit, which is represented by part of the core, completely 
enclosing it. The pine-apple is a complex pseudocarp including the stem and many 
flowers with their seeds and fruit. 

GERMINA TION OF THE SEED 

Germination of the runner bean 

The runner bean ( Phaseolus mulliflorus) has large somewhat flattened kidney¬ 
shaped seeds. Each has a membranous outer covering, the seed coat or testa. In 
the concavity of the kidney is a scar, the hilum, marking the position at which the 
seed was attached to the wall of the fruit, a legume. At one end of this scar is a 
tiny hole, the micropyle. If the dry seed be put into water the testa soon becomes 
wrinkled and then the whole seed swells until it is about double its previous volume, 
and at the same time the wrinkles in the testa smooth out. 

When the seed coat is removed it is seen that the seed is entirely filled by Uie 



Fig. 165. A cotton 
seed ( Gossypium). 
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very large embryo ; the endosperm has disap¬ 
peared. The reserve food supplies which were 
originally stored in it have been transferred into 
the embryo itself where they have been deposited 
in the two cotyledons which as a result are swollen 
into bulky whitish lobes taking up nearly the 
whole of the space in the seed. 

If one cotyledon be removed it will be seen 
that the rest of the embryo lies between them, 
and that each cotyledon was attached to it by a 
short stalk or petiole. The plumule consists of a 
tiny bud with two very small but recognisable 
foliage leaves, while the finger-like extension of 
the opposite end of the embryo is the radicle , or 
first root. The tip of the radicle lies very near 
to the micropyle and so it is this part of the em¬ 
bryo which first takes up water ; in doing so it 
swells and bursts the testa in its neighbourhood, 
tearing a hole through which the radicle grows 
out. While the radicle is growing out the peti¬ 
oles of the cotyledons begin to elongate. The 
cotyledons themselves are firmly held in the seed coat and are not pulled out, so the 
elongating petioles are thrown into arcs bulging upwards towards the surface, pull¬ 
ing the plumule out of the seed. When the plumule emerges it is curved, the more 
mature part near the base and well below the bud pushing through the soil and 
dragging the delicate bud and first foliage leaves after it. Emerging into the 
light, the plumule straightens out and begins to grow rapidly. This elongation of 
the plumule occurs only above the attachment of the cotyledons, so that they remain 
below ground ; indeed, they never emerge into the light. They gradually shrink 
as germination goes on, for the food substances stored in them are transferred to 
the growing parts of the embryo. Thus in the runner bean the whole function 
ol the cotyledons is to act as food stores. 

Germination of the castor oil seed 

The germination of the castor oil seed ( Ricinus) 
differs from that of the runner bean in several res¬ 
pects. The hilum and micropyle cannot be seen 
because they are covered over by a fleshy excres¬ 
cence, the caruncle. Dissection of the mature seed 
shows that the embryo is embedded in a white oily 
substance, the endosperm , which is thus still present 
at the beginning of germination. The cotyledons, 
instead of being fleshy lobes stuffed with food mat¬ 
erials, are delicate leaf-like structures. 

The seeds absorb water which is taken up by the 
caruncle and is passed on, through the micropyle, 
to the radicle, which therefore swells, bursts the 
hard seed-coat, and grows out into the soil. Next, 



Fio. 167. Seed of Ricinus. The 
testa and one cotyledon have 
been removed from the side to¬ 
ward the observer. 



Fig. 166. Stages in the ger¬ 
mination of a bean seed. A and 
B y before germination ; in A with 
the testa and the nearer cotyledon 
removed to show the embryo ; C, 
the radicle has emerged and the 
plumule is being pulled out by 
growth of the stem above the coty¬ 
ledons ; D , a young seedling. 
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the embryo begins to grow in the 
region of its stem just below the at¬ 
tachment of the cotyledons. Since 
the seed is anchored in the soil, this 
part of the stem is thrown into acurve 
whose convexity forces its way up into 
the air, pulling after it the bud and 
the cotyledons. The cotyledons ex¬ 
pand in the light and become the 
first foliage leaves. See also Fig. 140. 

When the contents of the seed are 
examined at this stage, it is found 
that the endosperm has nearly or 
completely disappeared ; its food re¬ 
serves have been absorbed and passed 
into the actively growing parts of 
the embryo. 

Cereals 

The fruits of cereals (wheat, 
maize, etc.) are of interest because 
of their immense importance in our diet. The grain consists of a hard dry coat 
which is formed not only of the testa but also of the pericarp wall, which is closely 
fused with it ; it is therefore not the seed only, but an achenial fruit. 

Internally, the greater part of the embryo is covered by the endosperm, the 
cells of which are richly stocked with starch grains, except for a single superficial 
layer of cells, the aleurone layer, which contains granules of protein called aleurone 
grains (p. 493). Grasses and cereals are monocotyledons, the embryo having 
only one cotyledon. This is pressed up against the endosperm and is cailed the 
scutellum. Its superficial layer acts as an absorbing organ, taking up the food 
materials from the endosperm and transferring it to the embryo. In germination 
the cotyledon remains below ground, the stem elongating above its attachment. 

PHYSIOLOGY OF GERMINA TION 

Dormancy 

It is well known that seeds will not germinate if they are kept dry but will 
nevertheless remain alive for periods varying from a few weeks to many years. 
Resting seeds are said to be ‘ dormant * and are very resistant to unfavourable 
external conditions while such vital activities as respiration may be so reduced as 
to be indetectable. Dormancy may continue for long periods even after the seed 
has reached a situation favourable to germination. The continued delay may be 
caused by such external factors as a narcotising action of carbon dioxide produced 
by bacteria in soils rich in humus, or by the presence of a hard woody testa or 
fruit which for long prevents the necessary first step in germination, the uptake ot 
water. In some such cases germination can be hastened by scraping the seed-coat 
or fruit, making it easier for water to penetrate it, and in many Australian plants 
bush-fires, by charring the thick woody fruits, similarly bring on germination. In 
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Fic. 168. Longitudinal section through a 
wheat grain. ( x 8.3) 
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other cases continued dormancy reflects an insufficiently advanced development 
of the embryo or some other subtle immaturity, preventing immediate germina¬ 
tion. 


Role of water 

Dormant seeds have a very low water content ; from 10-20 per cent, instead 
of the 80-90 per cent, found in active tissues. The partially dried-out living con¬ 
tents of the seed take up water as soon as it becomes available, that is, as soon as it 
penetrates the testa. The effect of this uptake of water is that the seed swells and 
the testa is burst open. The functions of water in germination are not limited 
to swelling the seed ; it plays the same essential part as it does in other living 
organisms ; it is the principal solvent and it is necessary for the occurrence of the 
hydrolytic (p. 476) reactions which play the chief part in the mobilisation of stored 
food materials for transportation into the embryo (see below). 


Energy and materials of germinating seeds 

The growth of a seedling involves the formation of new cells and of the cellulose 
for their cell walls, and for these building materials are necessary. Furthermore, 
many of the synthetic processes by which the new tissues are formed are endother¬ 
mic (p. 7-8) and a source of energy is required to drive them. 

In mature green plants energy from the sunlight is incorporated in the glucose 
molecules formed in photosynthesis ; some of this glucose is later built up into cell 
walls, some of it into more elaborate organic substances, some is stored as starch, 
and an important part is broken down again in respiration, liberating the energy 
necessary for so many functions in every living organism. The germinating 
embryo is at first without chlorophyll and therefore cannot obtain energy from the 
sun. Its source of energy and material is the reserve bequeathed to it by the 
parental sporophyte and stored either in the endosperm or in the cotyledons. The 
larger part of the food stores found in a seed is often fat, or oil as the liquid fats of 
plants arc called ; obvious examples are the castor oil seed and many nuts. The 
fat molecule differs from those of sugars or starches in not being already partly 
oxidised, so that it yields in respiration more energy per unit volume than they do, 
and is therefore more suitable as an energy store where storage space is limited. 
Grasses and cereals are the most important plants with starchy, instead of oily 
endosperms. Proteins, too, form an important part of the foods stored in seeds’ 

™„7en« V 'r T" e '" 0n , e ] ayer of cereals - Th ' following table* shows the 
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proteins are all large molecules, and are either solid or, if 
During germination they are broken down into soluble sub- 
• From Fritsch and Salisbury. 
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stances of simpler composition, the starches and fats into sugars (chiefly glucose; 
and the proteins into amino-acids (p. 478). In these forms they pass from the 
endosperm or cotyledons to the actively growing parts of the embryo. Here the 
glucose is in part built up into the cellulose of new cell walls, and in part broken 
down in respiration, liberating energy, while the energy set free is used to drive the 
endothermic processes involved in the formation of proteins and protoplasm, from 
amino-acids and other substances, in the development of histological structure, and 
so forth. 

External factors in germination 

That germinating seeds require water and oxygen is already clear. Without 
water germination cannot begin and without oxygen it cannot proceed, for while 
germinating seeds can survive for a time in the absence of oxygen, respiring 
anaerobically (p. 488), they cannot grow and develop. Light plays a curious 
and rather mysterious part ; some plants cannot germinate except in the dark, 
while for others light is a necessity. The straightening up and expansion of the 
plumule when it emerges above ground is a response to light in some plants at 
least. The necessity, in some seeds, for infection by a symbiotic fungus is discussed 
on pp. 572-3. 


THE LIFE-CYCLE OF FLO WERING PLANTS AND TERRESTRIAL LIFE 


in 


The flowering plants show more perfect adaptation to terrestrial life than does 
the fern in several features of their life cycle. 

(1) Perhaps the most important single feature is the elimination of the necessity 
for free external water in fertilisation. This is brought about by the pollen tube. 

(2) The flower is a group of sporophylls and other associated ‘ leaves ’ which 
are highly specialised for their reproductive functions and which, by enabling the 
male and female gametes to be brought into close proximity, make it possible for 
the pollen tube to act, and at the same time usually either prevent self-fertilisation 
or lessen its probability. 

(3) The seed (aided by the fruit) : (a) provides mechanisms for the widest dis¬ 
tribution of young plants, ( b) enables the highly developed parental sporophyte 
to provide a food supply which tides the young plants over the critical first period 

their lives, and (c) protects the embryo from the rigours of the external world. 

(4) The evolution of the flower 

was made possible by the restric¬ 
tion of sporebearing to a limited 
number of sporophylls, the stamens 
and carpels. These ‘ leaves re¬ 
leased from the photosynthetic 
function of the foliage, could then 
undergo specialisation in con¬ 
nection with their reproductive 
function. The same, of course, 
applies to the non-spore-bearing 
‘ leaves ’ associated with them, the 
sepals and petals. 

(5) The differentiation of the 
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Fig. 169. Diagram of the life-cycle in 
flowering plants. 
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spores into microspores producing male gametophytes, and megaspores producing 
female gametophytes, made possible the evolution of the seed and fruit. The seed 
is the embryo sporophyte enclosed in the megaspore (embryo-sac), and the whole 
invested by the coats or integuments of the megasporangium (ovule). The mega¬ 
spore could only thus be retained in the megasporangium if another kind of spore, 
the microspore, were shed from the plant, and with its contained male gametophyte 
and male gametes, were brought to it. 

(6) The great reduction of the gametophyte generation, by comparison with 
the fern, relieves it of the necessity of maintaining such a precarious independent 
existence as is the lot of the prothallus of the fern and, in the case of the male 
gametophyte, enables the microspore producing it to be small enough and light 
enough for carriage by air, by insects, or by other means, to the surface of the 
megasporophyli. 



CHAPTER XVIII 

THE LAND CONQUERED : ANIMALS 


AGES OF AMPHIBIANS AND REPTILES; THE FIRST MAMMALS 


We have seen (Chap. XIII) that the first vertebrate invaders of the land were 
fishes and that these gave rise to the amphibia, to-day a small group of unspectacu¬ 
lar animals. During carboniferous times, however, although probably confined 
to the wetter parts, they were the dominant land fauna, strange, cumbersome 
creatures, in general form often resembling our modern newts and salamanders 
but in some kinds as big as modern crocodiles. Fertilisation was doubtless external, 
as in the frog, and the young were aquatic larvae which passed through a meta¬ 
morphosis to reach the adult condition. 

Among the several respects in which the amphibia are incompletely terrestrial 
this aquatic larval stage is the chief; the terrestrial habit was only fully established 
when the young, as well as the adults, were able to live on land. This advance was 
made by the reptiles ; it was achieved when the egg was provided with an external 
shell, like that of a bird, which hindered loss of water by evaporation, and with a 
mass of albumen or ‘ egg-white ’ which acted as a sort of private water reservoir 
within the egg (p. 414). The presence of such a shell obviously prevents fertilisa¬ 



tion, and its origin must therefore have been preceded or accompanied by a change 
in reproductive habits and structure, the spermatozoa being injected into the 
female genital tract by means of a copulatory organ, the penis, and the ovum being 
fertilised before the formation of the egg-shell around it. The young animal is 
retained in the egg until it has reached a more advanced stage than the tadpole, 
this being made possible by the presence of a very large store of reserve food 

material or yolk. The embryological 
consequences of the greater quantity of 
food stored in the ovum, of the presence 
of albumen, of the necessity of respiring 
through the shell, and so forth, are discus¬ 
sed elsewhere. 

Besides their ‘ inventions ’ of internal 
fertilisation and of the egg shell, and their 
elimination of the aquatic larval form, 
the reptiles show advances on the amphi¬ 
bians in a number of other respects. In 
particular, their scaly skins are more 
resistant to evaporation of water through 
them so that many reptiles can live in 
such dry situations as sandy deserts. 

Like the amphibians, the modern 

Zooicsical Society of London reptiles are a mere remnant of a greater 
Fic. .70. A young alligator hatching. past. In mesozoic times (Fig. 314, P- 4541 
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they extended over every continent and into all environments except those of great 
cold, and they evolved perhaps the most amazing variety of size and form ever seen 
on earth. Gigantic, bipedal carnivorous dinosaurs like Tyrannosaurus and its huge 
lumbering relative Triceratops roamed the land, the swamps were infested by the 
even more enormous Brontosaurus , the wierd Pterodactyls flew in the air, and in the 
sea were the porpoise-like Icthyosaurs, and the strange Plesiosaurs, looking like half 
an enormous snake joined to the body of a terrific turtle. 

Very early in reptilian history, long before this fantastic exuberance of rep¬ 
tilian life, one of the smaller and less spectacular groups of reptiles began to diverge 
away from the general pattern of reptilian structure. Instead of straddling their 
legs more or less horizontally from the trunk they brought them perpendicularly 
beneath it, lifting it clear of the ground. Their teeth began to differentiate into 
several kinds. There were suggestive changes in their jaws and skulls. For a time 
a principal element in the fauna of the day, they dwindled in numbers and impor¬ 
tance before the onslaught of the great dinosaurian reptiles we have mentioned ; 
but their descendants were to take the place of the reptilian giants, for they be¬ 
came the first mammals. These first mammals lived contemporaneously, and 
dangerously with the dinosaurs. They were insignificant little creatures, usually 
no tugger than our rats and mice, and after their appearance some hundred 
nullion years were to elapse before the long age of reptiles drew slowly to its close 
and the age of mammals began. 


CHARACTERS OF MAMMALS 

The mammals are to-day the dominant element in the world’s terrestrial fauna 
1 heir dominance they owe partly to their greater biological efficiency and oartlv 
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From the painting by Charles R. Knight, by permission of Chicago Satural History Museum 



From the painting by Charles R. Knight, by permission of Chicago Satural History Museum 


Fig i 71 Above, restorations of various upper cretaceous dinosaurs. Middle, upper 
cretaceous dinosaurs ; left, the herbivorous Triceratops y right, the carnivorous Tyrannosaurus ; 
below, Brontosaurus and primitive crocodiles, from the upper Jurassic. 
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external temperature. Such animals are described as ‘ warm-blooded 5 or homoi- 
othermic, by contrast with the ‘ cold-blooded ’ or poikilothermic forms. Now, the 
rates of chemical reactions depend on the temperature and, within limits, are 
usually greater the higher the temperature. The same is true of that complex of 
reactions, the metabolism of an animal or plant. Hence, in poikilothermic animals 
like reptiles, the rate of metabolism is less on cold than on warm days, and so is 
their activity, while mammals and birds are as active in cold weather as in hot, 
because under both conditions their internal temperature is kept at the same high 
level. Evidently homoiothermy confers upon mammals and birds far greater 
independence of events in the environment than reptiles could ever possess ; their 
activity is determined much more by the animal’s needs at the moment, and much 
less by the outer temperature. 

The mechanisms by which the temperature of the body is controlled are dis¬ 
cussed on pp. 505-507. 

Viviparity and parental care 

The two most primitive surviving mammals, the platypus ( Ornithorynchus ), and 
the spiny ant-eater (Echidna), which in many other features shows resemblance to 
reptiles, both lay eggs, and these, like those of reptiles, are richly supplied with yolk. 
When the young are hatched, however, they are fed from special glands in the 
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mother, the mammary glands, which 
are found in all female mammals 
but in no reptile. We may infer 
that the habit of taking care of and 
suckling the young originated ear¬ 
lier than viviparity. In all other 
surviving mammals the ovum is 
retained in the uterus, contains little 
or no yolk, and the developing em¬ 
bryo is nourished from the uterus of 
the mother (p. 417). In the mar¬ 
supials, the group of mammals which includes the kangaroos, opossums etc., the 
young are born in a very undeveloped state, to complete their development in a 
pouch in the female’s skin, firmly attached to the nipple of a mammary gland. 
Finally, in the tru tplacental mammals, which include man and all the other familiar 
forms, the young are more advanced when born, and once again arenourished after 
birth by mammary glands. 

The significance of these changes in reproductive habits lies partly in economy 
of material. The age of reptiles has been described as ‘ one long glorious egg- 
hunt ’ ; eating other animals’ eggs must have been a staple industry among many 
reptilian species, as it is to-day among some snakes. By the evolution of viviparity 
mammals evaded this danger to their young, and it was therefore not necessary to 
produce so many to ensure the survival of some. Viviparity also made possible a 
prolongation of the developmental period, for the amount of food available to the 
developing embryo was no longer limited to what could be crammed into an egg¬ 
shell. As we have seen in other connections (p. 41) longer developmental period 
facilitate the formation of elaborate structure. Further, the intra-uterine embryo is 
provided with a constant high temperature maintained for it by its mother before 
its own homoiothermic apparatus is in order, so that its developmental processes 
are, by comparison with those of reptiles, not only prolonged but also accelerated. 
The supply of milk from the mammary glands continues the same effect, for not 
only does this postpone the time when the young animal must be able to get food for 
itself, and when the alimentary canal and metabolism generally must be ready to 
deal with the unprepared food eaten by adults, but also the maternal protection 
provides the young animal with the opportunity for play, which has so important 
an education function in developing strength, skill and craft. 

The cerebral cortex 

The cerebral cortex is that part of the brain which is the seat of intelligence. 
Its evolutionary history is discussed on p. 262, where it is shown that it is 
first adumbrated in the amphibians and is present in the reptiles, in which how¬ 
ever it is very much less developed than it becomes in the mammals, among which 
it reaches its highest development in the apes and man. Its presence confers upon 
these animals greater powers of learning and renders behaviour much more 
adaptable to circumstances (pp. 516-519). It has without doubt been an extremely 
important factor in the development of mammalian predominance. 



H. O. Norman, • Vertebrate Zoology ’ 

Fic. 173. Female platypus (Ornithorhynchus 
paradoxus) feeding young. 
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THE LAND CONQUERED : THE RABBIT 


EXTERNAL FEATURES 

The body of the rabbit, and of other mammals, is divisible into the following 
regions : head, neck, thorax, abdomen, tail, limbs. 

The head differs from that of man chiefly in the relatively small part occupied 
by the brain and cranium, and in the relatively large muzzle, or facial region, made 
up of the long upper and lower jaws, and containing the large olfactory organs. 

The rather small mouth is bordered by soft lips, but the upper lip is unlike that 
of man in being divided into lateral halves. In man the single upper lip is formed 
by the fusion of two rudiments which remain separate in the rabbit. 

The external nostrils and the large eyes need no special description, except to 
mention the presence of a third eye-lid, the nictitating membrane, which can be flicked 
across the eye from the median end of the orbit, cleaning the surface of the eye¬ 
ball. In man the third eye lid is recognisable as a vestige in the median corner of 
each eye. 

Very prominent on the head are the large pinnae (sing, pinna) or ‘ ears at 
the base of which is the aperture of a short tube leading down to the tympanum or 
ear-drum. This tube is the external auditory meatus ; it forms, with the pinna, the 
outer ear, which is absent from the frog and dog-fish. 

The neck is an anterior portion of the trunk into which the coelome does not 
extend and which contains no bulky viscera. It is very flexible. 

The thorax is that part of the trunk which is protected by the ribs and sternum. 
It is separated from the abdomen behind it by a great sheet of muscle,' the dio- 
phragm, which is attached to the vertebral column behind, to the posterior ribs 
and stcrnurn> The thorax contains the heart and lungs. 

The abdomen is the posterior soft-bellied portion of the trunk containing the 
peritoneal cavity and many viscera. There is no cloaca, the anus and urogenital 
apertures being separate. The anus lies beneath the tail. To either side of it is a 

hairless depression, the perineal pouch, 
into which opens the perineal gland on 
each side ; the secretion of this gives 
the rabbit its characteristic smell. 
The reproductive apertures are des¬ 
cribed on pp. 251-253. The female - 
has four or five pairs of mammary glands 
which open by teats along the ventral 
surface of the thorax and abdomen. 
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Fio. 174. A rabbit. 
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The mammalian skin is described 
on P- 329- It has a covering of hair 
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which has two chief functions, those of conserving heat (p. 506) and of giving 
the animals its characteristic colour which serves as camouflage. S 

THE ALIMENTARY ORGANS 

The teeth 

The mouth of the rabbit is bounded by the lips and supported by the upper 
and lower jaws, in which are lodged the teeth. 

Structure and attachment. As in all vertebrates, the teeth of mammals preserve 
the essential features of the structure seen in the placoid scales of the dogfish ; 
that is, they consist of dentine enclosing a pulp cavity, are capped with enamel, and 
at the base have a covering of cement. 

The teeth of the rabbit are very specialised and in the following paragraphs 
we have in mind more generalised and ‘ typical ’ teeth such as are found in our 
own buccal cavities. The principal difference from the teeth of the dogfish and 
frog is the presence of roots (Fig. 175), one or more processes into which the lower 
part of the tooth is continued and at the end of which is the small aperture through 
which nerve fibres and small blood vessels pass into the pulp cavity. These roots 
are buried in cavities of the jaw-bone, the sockets or alveoli (sing, alveolus). 

In mammals the teeth are neither fused to the jaw-bone as in the frog nor 
merelyembedded in the skin as in the dogfish. Each root lies in its own alveolus and 
is tied to the bone of the jaw by immense numbers of strong connective tissue fibres 
running to the bone from the cement. These fibres constitute the periodontal 
membrane. 

Development. In all vertebrates the teeth develop in essentially the same manner 
as placoid scales. The epithelial covering of the jaws in the buccal cavity is 
stomodaeal, that is, ectodermal. Where this ectodermal epithelium overlies the 
jaws there is formed from it a continuous solid ridge-like vertical downgrowth 
into the underlying mesoderm. This is the dental lamina. From it there grow out 
a series of solid epithelial buds, as many as the number of teeth in the first, ‘ milk ’ 
or deciduous set. Each bud is an enamel organ. Beneath each enamel organ appears 
a condensation of mesoderm cells, the denial papilla. The enamel organ grows 
partly round the dental papilla, so becoming cup-shaped. The cells of the dental 
papilla in contact with the enamel organ become columnar and acquire an epi¬ 
thelial arrangement ; they are now odontoblasts , and dentine is formed on their free 
surfaces. At the same time the cells of the enamel organ adjacent to the odonto¬ 
blasts similarly become columnar ; they are ameloblasts, and they deposit enamel 
over the dentine. No enamel is deposited on the roots. 

While the tooth develops, mesodermal tissue condenses around the root, and 
some of its cells, applying themselves to the surface of the dentine, form the cement, 
a very bone-like tissue, while between this and the jaw-bone connective tissue 
forms the periodontal membrane. 

The permanent teeth develop in the same way as the milk teeth, but later. 

Replacement of teeth. In many lower animals, as in the dogfish and frog, there is 
an indefinite succession of teeth, old teeth being continually relaced by new ones, 
but mammals have only two sets, a deciduous or milk set which is lost in youth, 
and a permanent set which cannot be replaced. 

Differentiation and number of teeth. In the dogfish and frog, and in the great 
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majority of animals below the mammalian level, 
all the teeth are similar to one another and all 
have the same function, often merely that of 
seizing and holding a struggling prey. 

Among mammals the teeth are nearly always 
differentiated into four kinds called incisors, can¬ 
ines, premolars and molars. Their characteristic 
forms are best studied in animals with a general¬ 
ised diet, like man. The incisors are the most 
anterior teeth. They have a chisel-like form. 
Their function is to cut pieces off food materials 
which are too big to be taken into the mouth. 
The upper incisors are borne by the premaxillae 
(p. 289) ; all the teeth in the lower jaw are 
carried by its only bone, the dentary. Man has 
four incisors in each jaw. 

Next behind the incisors come the canines, 
teeth of a more or less conical and pointed form ; 
their function lies in tearing off food or in holding 
it. The two upper canines are borne by the 
maxillae. 

The premolars and molars, which lie posterior 
to the canines, and so are always borne (in the 
upper jaw) by the maxillae, are generally either 
grinding or crushing teeth. Each has usually at 
least two roots. The biting surface is more or 
less flat but raised into ridges or projections called 
cusps. The cusps of the upper and lower teeth 
working against one another, grind up the food, 
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always project slightly and give the tooth a rough surface. In the incisors of 
rabbits, rats, etc., and in some species in the molars too, the pulp cavity remains 
widely open below while the odontoblasts and ameloblasts continue to be active 
throughout life, so that as the free end of the tooth is worn away by use it is con¬ 
tinually replaced from below. 

In a few mammals all the teeth are alike, as in the toothed whales, which use 
their sharp conical teeth to catch the slippery fishes which form their prey. Among 
other interesting mammalian teeth may be mentioned the enormous incisors, or 
tusks, of the elephant, the dentine of which is ivory. A few mammals such as ant- 
eaters and some whales are toothless but show vestiges of teeth in the embryo. 

The number of teeth varies considerably among the mammals. From fossil 
evidence, the primitive number is believed to have been, in both upper and lower 
jaws of each side, three incisors, one canine, four premolars and three molars. This 
is expressed in a dental formula, written thus : 


3 -M- 3 - 

3 -*- 4 - 3 - 

in which the upper and lower lines refer to the upper and lower jaws of one side 
and the first figure to the incisors, the last to the molars. Among existing mammals 
this ‘ complete ’ dentition is found only in the pig, a curious fact, for the pig is far 
from being a primitive mammal. In man the number of teeth has been reduced 
from 44 to 32, and the formula is : 

2.1.2.3. 

2.1.2.3. 

That of the rabbit is 


and in the dog 


2.0.3.3. 
1.0.2.3. 

3 -» 4 - 2 - 

3 -M- 3 - 


The Buccal Cavity and Pharynx 

In both the dogfish and the frog the roof of the buccal cavity is the floor of the 
cranium and is known as the primary palate. In mammals a horizontal shelf forms 
across the pharynx dividing it into a dorsal portion, the naso-pharynx, and a ventral 
bucco-pharynx. The two olfactory chambers open into the naso-pharynx by the 
internal nares while the buccal cavity continues into the bucco-pharynx. The 
horizontal shelf is the secondary palate. Its anterior part is supported by processes 
of the pre-maxillary, maxillary and palatine bones (p. 290), and is called the hard 
palate : the more posterior portion, without bony support, is the soft palate. 

Prominent in the floor of the buccal cavity is the large mobile and muscular 
tongue ; it is attached behind and free in front. It bears numerous papillae in 
which are situated sensory cells which serve the sense of taste. 

At the posterior end of the bucco-pharynx, an aperture in the floor is the glottis. 
It is protected by a thin bi-lobed flap, the epiglottis, which contains cartilage and 
forms the anterior or ventral boundary of the glottis. From the posterior edge ol 
the soft palate there hangs downwards a conical projection, the uvula. 

When food is taken into the mouth it is broken up and chewed by the teeth, 
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Fic. 176. Sagittal section of a rabbit’s head. 

mixed with saliva, formed into a rounded mass or 60/us by the tongue, and swal¬ 
lowed. In swallowing, the epiglottis is pushed back by the tongue so that it closes 
the glottis, preventing the food from entering the wind-pipe, while the uvula closes 
the opening of the naso-pharynx. 

The alimentary tract and associated glands 

The bucco-pharynx is continued backwards past the glottis into the oesophagus, 
a muscular tubewhich runs straight through the thorax, penetrates the diaphragm 
and enters the peritoneal cavity. Here it joins the stomach, a large bag lying trans¬ 
versely across the abdomen. The left hand or cardiac portion of the stomach, which 
receives the oesophagus, is larger than the right hand or pyloric portion. The pyloric 
portion tapers to the pylorus, a constriction of the stomach at its junction with the 
small intestine ; in the constriction is a ring muscle, the pyloric sphincter, the relaxa¬ 
tions of which permit the passage of food from the stomach into the intestine. The 
first part of the small intestine is the duodenum, a U-shaped tube running first back- 
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The glands of the alimentary 
tract are : (a) the salivary glands, 

(b) the liver, ( c) the pancreas, ( d) 
the glands in the wall of the canal 
itself. 

Four pairs of salivary glands pour 
their secretions into the buccal cav¬ 
ity. These are placed ; a pair a 
little below the pinna, a pair at the 
lower border of the orbit, a pair near 
the angle of the mandible, and a 
pair beneath the tongue. 

The liver is a large reddish gland 

attached to the diaphragm by a fold 

of peritoneum, and partly divided 

into five lobes. From each lobe 

there arises a hepatic duct ; these 

unite with the cystic duct from the 

gall bladder to form the bile duct, which opens into the dorsal aspect of the duodenum 

near the pylorus. The gall bladder is elongated and is made dark green by the 

included bile ; it is partly embedded in the more median lobe of the liver on the 
right side. 

The pancreas is a diffuse pinkish gland in the mesentery or omentum between 
the two arms of the duodenum. Its duct opens into the ascending arm of the 
duodenum about one third of the length of the arm from the bend. 

The digestion, absorption and subsequent treatment of food is discussed on 
pp. 494-498. 
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Fig. 178. A diagram showing the four coclomic 
cavities of a mammal. 


THE BODY CAVITIES 

In the dogfish and frog the pericardial chamber is separated from the peri- 

T- 1 ^ b 7 Sept y m transversum (P- > 03 ), and in the frog the lungs are 
attached in antero-lateral recesses of the peritoneal cavity on each side of this 
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through the internal nares. The naso-pharynx opens into the bucco-pharynx 
behind the soft palate. The indrawn air crosses the bucco-pharynx and 
passes through the glottis into the trachea, a long tube leading into the thorax. Its 
upper end is expanded as a chamber, the larynx, in which voice production begins. 
The wall of the larynx is stiffened by several cartilages. 

The vocal cords are a pair of shelf-like ridges in the lining of the larynx. Just 
in front of them is a pair of somewhat similar folds, the false vocal cords. When air 
is driven out of the lungs it sets the vocal cords vibrating, and these vibrations 
produce the sound waves which are the foundation of the sounds we hear ; the 
sound finally produced, however, is greatly affected by the degree of tension in the 
vocal cords, by the size of the slit between them, by the force of the expiration, by 
changes in the form of the oral and naso-pharyngeal cavities, by movements of the 
tongue, jaws and lips, and by other factors. 

Below the larynx the trachea continues down into the thorax as a narrower 
tube supported by hoops of cartilage each incomplete dorsally. Close to the base 
of the lungs it divides into two tubes, the bronchi. One bronchus enters each lung 
and there divides repeatedly, the very small terminal branches being called 
bronchioles. Each terminal bronchiole divides to form a number of branching tubes 
called air sacs, the walls of which are sacculated and which give off many tiny 
sacculated chambers called alveoli. The walls of both the air-sacs and the alveoli 
are very thin and neighbouring alveoli lie pressed close against one another, so 
that only very thin partitions separate them. In these partitions is a rich network 
of capillary vessels derived from the pulmonary artery and recombining to form 
the pulmonary vein ; it is while the blood is passing through these capillaries that 
gaseous exchange occurs. 

The mechanism of breathing is different from that seen in the dogfish and frog. 
The thorax, in which the lungs are contained, is enclosed in a kind of basket made 
by the vertebral column, ribs and sternum (breast-bone). The basket is closed 
behind by the diaphragm, a great sheet of muscle which is attached to the vertebral 
column dorsally, to the posterior ribs, and to the sternum, and which is dome¬ 
shaped, with its convexity towards the thorax. 

In inspiration (breathing in) the diaphragmatic muscles contract reducing the 
bulge of the diaphragm into the thorax, while contraction of the internal inter-costal 
muscles, which run from rib to rib, moves the sternal ends of the ribs forwards and 
increases the distance between the sternum and the vertebral column. Both these 
events increase the volume of the thorax and therefore of the lungs (just as a balloon 
in a closed cavity swells if the cavity becomes larger). Since the lungs are con¬ 
nected with the outer air by the trachea, air rushes into them to equalise the 
pressure between the outer air and that in the lungs. 

Expiration, the emptying of the lungs, is a less active process. Relaxation of the 
diaphragmatic and internal intercostal muscles permits the elasticity of the 
thoracic wall and of the lungs themselves, together with the weight of the sternum 
and ribs, to drive out much of the air which has just been inhaled. This by no 
means empties the lungs, but more air can be driven out by contraction of the 
external inter-costals. 
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THE BLOOD AND LYMPHATIC VASCULAR SYSTEMS 

The heart 

In the mammalian heart, the sinus venosus and conus arteriosus are absent as 
separate chambers, and both auricular and ventricular regions are divided by 
septa into right and left auricles and right and left ventricles. 

The right auricle receives de-oxygenated blood in three great veins ; the right 
and left precavals or anterior venae cavae, and the postcaval or posterior vena cava. 
Its contractions drive the blood into the right ventricle. This, a much thicker- 
walled chamber than either auricle, forces the blood along the pulmonary arch 
and arteries, and through the great network of capillaries in the lungs. Back- 
flow of blood into the right auricle is prevented by the tricuspid valve which con¬ 
sists of three membranous flaps connected by thread-like tendinous chords to 
muscular projections of the wall of the ventricle ; when the ventricle contracts the 
valve flaps are forced across the auriculo-ventricular aperture, closing it, and are 
prevented from collapsing into the auricle by the tendinous chords. The entrance 
to the pulmonary arch is guarded by pocket-like semi-lunar valves which prevent 
back-flow into the ventricle. 

The left auricle receives oxygenated blood from the lungs in two pulmonary 
veins which open into it by a common aperture. Its contractions drive the blood 
into the ventricle which is very thick-walled because it forces the blood through 
the capillary systems all over the body. The left auriculo-ventricular aperture is 
guarded by the bicuspid or mitral valve, which resembles the tricuspid except in 
having two membranous flaps instead of three. From the anterior end of the left 
ventricle is given off the great systemic arch , through which passes blood on its way 
to all parts of the body except the lungs. Its opening from the ventricle is guarded 
by three semi-lunar valves. 
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The origin and control of the heart beat 

r ^ musc,es acting on the skeleton normally only contract when stimu¬ 

lated by their motor nerves, the heart contracts automatically and can therefore 
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Ficj. 179. A diagrammatic section of a 
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Fig. 180. The rabbit's heart dissected from the left (above) and from the right (below;. 

cardiac muscle fibres, excite the muscle, so that the contraction of the different 
parts of the heart occurs in an orderly and regular manner. Since the sinu-atrial 
node normally sets the rhythm of the heart beat it is often called the pace-maker. 


The blood vessels 

The double circulation. In the dogfish all the blood leaves the heart by the ventral 
aorta and returns through veins which empty into the sinus venosus ; there is 
thus a single circulation. In the rabbit, blood in the left side of the heart leaves it 
by the systemic arch and travels in arteries to all parts of the body except the 
lungs. It then traverses capillaries and returns to the right auricle in the three 
great caval veins. From the right ventricle it is sent to the lungs in the pulmonary 




Fig. i 0 i. A diagram of the 
circulation. Oxygenated blood 
white, dc-oxygcnated black. 
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arteries and returns in the pulmonary veins to the 
left auricle. There are thus two circulations through 
which the blood travels alternately. It will be 
noticed that in the dogfish the heart contains no 
oxygenated blood while in the rabbit the left side 
of the heart carries only oxygenated blood and the 
right side only de-oxygenated. The two circulations 
in the rabbit may be called the systemic undpulmonary 
circulations. 

The systemic circulation : arteries. The systemic 
arch curves dorsally, passes to the left of the oeso¬ 
phagus and runs backwards in the mid-dorsal line 
as the dorsal aorta. 

A pair of coronary arteries arises from the base of 
the systemic arch and supplies the heart muscle. 

Next comes a short vessel, the innominate artery, 
which divides into right and left common carotid 
arteries and a right subclavian. Each common caro¬ 
tid goes to the head and near the angle of the jaw 
divides into internal and external carotids supplying 
parts inside and outside the cranium respectively. 

The right subclavian gives off the right vertebral artery which supplies the vertebral 
column and spinal cord, and the right internal mammary which runs along the inner 
face of the ventral wall of the thorax ; it then continues into the arm as the brachial 
artery. To the left of the innominate, and like it arising from the systemic arch, 
is the left subclavian artery ; its branches resemble those of the right subclavian. 

The dorsal aorta gives off an intercostal artery, behind each rib, to the inter¬ 
costal muscles, three unpaired arteries to the alimentary canal (the coeliac to liver, 
stomach and spleen, the anterior mesenteric to the intestine and pancreas, and the 
posterior mesenteric to the rectum), and paired arteries to the kidneys, to the gonads, 
and to the muscles of the body wall. Posteriorly, a pair of common iliac arteries give 
0,1 on e f ch Slde an tlu >-lumbar to the body wall, an internal iliac to the back of the leg 
* vesical to the bladder, and then each continues into the leg as the external iliac. 
I-in^Jy, the dorsal aorta continues into the tail as the small caudal artery, 

T J U . y stemic circulation : veins. Blood is returned to the heart from all" parts of 
the body, except the lungs, in the right and left precaval and the postcaval veins. 

Each precaval is formed by the confluence of a large external jugular from the 
head, a smaller internal jugular from the brain, a subclavian from the fore-limb, and 
receives also an internal mammary from the inner aspect of the ventral thoracic wall 
and an anterior intercostal from the muscles between the first five or six ribs In’ 
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Fic. 183. A rabbit dissected to show the arteries behind the diaphragm, and other 


structures. 


Mammals have no renal portal veins. 

The blood from the capillaries in the stomach and intestines is carried away 
m tour veins : the henogastric from the stomach and spleen, the duodenal from the 
duodenum, the anterior mesenteric from the small intestine, colon and caecum, and 
the posterior mesenteric from the rectum. These combine to form the hepatic portal 
vein which passes to the liver, branching to supply its lobes. In the liver lobes 
the branches break up into capillaries and from these the blood is carried into 
the postcaval by the hepatic veins . 

■J'* P ulmom jy circulation. This starts in a single large artery, the pulmonary arch 
arising from the anterior end of the right ventricle. It passes dorsally and 
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I k;. 184. I he dissected thorax of the rabbit, from the right side. 

then divides into the right and left pulmonary arteries which run to the two 
lungs. 

1 he blood is returned from the capillary network in the lungs by two pulmonary 
veins which open into the dorsal side of the left auricle by a single aperture. 


COMP AHA THE MORPHOLOGY OF THE BLOOD VASCULAR SYSTEM 

The heart and arteries 

In the embryonic mammal, as in other vertebrates, there is a stage when the 
heart consists of four chambers in series—the sinus venosus, auricle, ventricle and 
bulbus cordis. The bulbus cordis gives off the ventral aorta and from this arterial 
arches pass round the pharynx and open into the lateral aortae, the bifurcated ant¬ 
erior end of the dorsal aorta. This is fundamentally the same pattern as we have 
seen in the dogfish and tadpole. It is probable that the first (mandibular) and 
second (hyoidean) arches, although their development is begun, never become 
functional vessels. 

The heart and arterial arches undergo during development a series of changes 
which result in the adult condition. 

(1) The sinus venosus becomes incorporated in the wall of the right auricle, 
ceasing to exist as a separate chamber and becoming the sinu-atrial node, so that 
the great veins, which originally opened into it, now open direedy into the right 
auricle. 

(2) The formation of the inter-auricular and inter-ventricular septa separate 
the right and left auricles and ventricles. 
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Fig. i 86 . Above, the heart and arterial arches in a 
mammalian embryo, semi-diagrammatic ; below, a 
diagram to show the origin of the great arteries of the ine vems 

adult from the arterial arches and ventral aorta of The embryonic mammal re- 

the embryo. sembles the dogfish and the tad¬ 

pole in having anterior and posterior cardinal veins which join to form ducts of 
Cuvier opening into the sinus venosus. The precaval veins of the adult rabbit are 
derived, as in the frog, from the anterior cardinals and ducts of Cuvier. The origin 
of the other veins of the adult is too complex to be followed here. 


of the carotico-systemic and 
pulmonary trunks, and ( b ) the 
suppression of the right systemic 
arch, in the mammal. These 
changes, together with the com¬ 
plete division of the heart into 
right and left sides, prevent any 
such mixing of oxygenated with 
de-oxygenated blood as occurs 
in the frog, and so ensure to 
all tissues the supply of oxygen 
necessary for homoiothermy and 
the high general metabolic activ¬ 
ity of mammals. 

Itshouldbe added that a solid 
strand of fibrous tissue which in 
the adult connects the pulmonary 
and systemic arches is a vestige 
of the ductus arteriosus, the distal 
part of the left sixth arterial arch. 


THE LYMPHATIC VASCULAR SYSTEM • 

As in the frog the food materials which the blood vessels bring to the tissues 
must pass through the capillary walls into the inter-cellular or tissue fluid (p. 174) 
before they can reach the cells. The blood capillary walls are permeable to all 
the dissolved constituents of the blood except the proteins, and are not wholly 
impermeable to them. Substances in the blood capillaries escape across their walls 
into the tissue spaces partly by diffusion and partly by filtration. In diffusion the 
substances pass from regions of high to regions of low concentration ; in filtration 
the blood pressure in the capillaries forces water and everything dissolved m it 
(and to which the capillary wall is permeable) out through the wall. The wate 
and solutes which thus pass outwards from the capillaries forms the tissue fluid. 
Some of this re-enters the capillaries at their ends near the veins where the blood 
pressure is lower and is overcome by the in-sucking osmotic pressure of the proteins 
but much of it is removed from the inter-cellular spaces by die ^ph^c capd- 
laries as lymph. As in the frog these are closed vessels with thin walls Theyfo 
networks in the tissues and gradually combine into larger and iarger ch^meb 
which finally open into a main duct, the thoracic duct which runs forward tough 
the thorax to open into the left external jugular vein where it joins the left sub 
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clavian ; the lymphatics from the right side of the head and neck and right fore¬ 
limb open into the right external jugular. Thus, as in the frog, there is a flow of 
lymph from the blood capillaries into the inter-cellular spaces and thence through 
the lymphatic vessels into the venous system. Mammals, however, have no lymph 
hearts and in them the flow of the lymph is caused by several factors. One of 
these is the movement of the parts of the body in which the contraction of muscles, 
and so forth, squeeze the lymphatics and force the lymph to flow. The direction 
of flow is determined by the presence in the lymphatic vessels of valves like those in 
many veins. 

In their journey from the lymphatic capillaries to the thoracic duct, the course 
of the lymphatics is interrupted by organs called lymph nodes or lymph glands. These 
are oval or rounded bodies from a few millimetres to an inch in diameter in man. 
Among their functions is the production of lymphocytes (p. 344), a variety of white 
blood corpuscle which occurs in both blood and lymph. Within the nodes the 
lymph passes through irregular spaces in which are numerous cells called reticular 
cells. These are a special kind of connective tissue cell distinguished by great 
powers of phagocytosis. As the lymph passes through the glands the reticular cells 
ingest any foreign bodies or bacteria it may have carried away from the tissues. 
Thus the lymph nodes are a part of the body’s defensive system, like so many 
‘ pill boxes ’ in an elaborate system of ‘ elastic defence 

The largest single mass of lymphoid tissue is the spleen, in the rabbit an elong¬ 
ated dark red body close to the wall of the stomach. Besides exercising the func¬ 
tions of a lymph node (except that it is doubtful if it forms lymphocytes), worn- 
out red blood corpuscles are destroyed in it and it also acts as a reserve store of red 
corpuscles which are thrown into the blood stream if there is sudden loss through 
haemorrhage, or if greater numbers arc suddenly required during violent exercise. 
The pain, or ‘ stitch ’, which we sometimes feel when running is said to be caused 
by the contracdon of the spleen forcing its reserve of corpuscles into the circulation. 


THE EXCRETORT AND REPRODUCTIVE STSTEMS 

The excretory system 

The two kidneys lie towards the anterior end of the peritoneal cavity, attached 
to the dorsal body wall, and beneath the peritoneal membrane. Each is bean¬ 
shaped or ‘ kidney-shaped having on the medial side a concavity or hilus. Pro¬ 
jecting into the hilus is a short protuberance, the pyramid. The renal artery and 
vein enter the kidney at the hilus and it is here that the ureter is attached. 

• Sections of a kidney show its substance to be compact and to be disdnguishable 

into a peripheral dark red cortex and a paler medulla. The chief structures compos- 
apa " fro ™ connective tissue and blood vessels, are uriniferous and collecting 
,T h f coNecfcng tubules are straight tubules, numbers of which open on the 

sSio !he°co»e Ca Th ^ T radiaUy thrOU S h ^ medullary sub¬ 

stance to the cortex. They branch, and in the cortex each collecting tubule receives 

Arc^rt e eL 0 Aen I ^ er ° U h, tUbUleS ' ^ ° f **“ 31 fif5t f ° lk>WS a tortuous course in 

in rii 1 J )! ■ strai 6 ht f ns out and runs down into the medulla ; at some point 

cortex “whe^ after" b ^ retUn ^ a » ain 35 a strai § ht tube, to the 

resemblinpfh^ T \ ecomin S tortuous again, it ends in a Malpighian body 
resembling the similarly named structures in the frog’s kidneys. X 


M.B. 
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Fig. 187. A diagram showing two urinifcrous tubules 
opening into a collecting tube ; in one the vascular supply 
is shown. 


Since there is no renal 
portal system in mammals, 
the sole blood supply of the 
kidney comes in the renal 
artery, and twigs from this 
form the knot of capillaries 
or glomerulus in each Mal¬ 
pighian body. Thecapillary, 
on leaving the glomerulus, 
joins a capillary network 
around the uriniferous tub¬ 
ules, and the blood from this 
network is carried away in 
the renal vein. 

The function of the kid¬ 
neys and their mode of action 
is discussed on p. 505. 

The urine passes through 
the uriniferous and collecting 
tubules into the cavity of the 
hilus. This cavity is really 


in the proximal end of the ‘ ureter ’ which expands as it joins the kidney. From 
the hilus of each kidney the ureter runs backwards and opens dorsally into the neck 
of the urinary bladder, a large, rather thin walled sac in which urine is held until its 
evacuation is convenient. The bladder is continued backwards by a neck which 


narrows to form a canal, the urethra, which in the male is the urino-genital canal 
and runs through the substance of the copulatory organ or penis to its tip, there 
opening to the exterior. In the female, the urino-genital canal or vestibule is formed 
by the junction of the neck of the bladder (the urethra) with the vagina (p. 253) ; 
it opens to the exterior by the vulva (p. 253), which therefore transmits the products 
of the ovary and genital tract as well as the urine. In man, the neck of the bladder 
and the vagina open separately at the vulva so that there is no vestibule. 


The male reproductive organs (Fig. 189) 

In the young the testes lie against the dorsal wall of the abdomen as they do in 
non-mammals, but in many adult mammals they later descend into a sac-like 
diverticulum from the body wall, the scrotum, which contains an extension of the 
peritoneal cavity, with which it is connected by a narrow channel, the inguinal 
canal. This is the condition in man. In the rabbit, too, the testes move downwards 
from their primitive internal position, but the scrotum is less pronounced than in 
man, and instead of both testes descending into a single scrotum behind the penis, 
each has its own scrotal sac and the testes lie one on either side of the penis, so that 
there are really two scrota and two inguinal canals. Each testis is in the rabbit a 
somewhat elongate body from the anterior end of which a band of connective 
tissue, the spermatic cord, passes through the inguinal canal and is attached to the 
roof of the abdomen. The spermatic artery and vein reach the testis along the 


spermatic cord. 

The testis consists of a number of very 


convoluted seminiferous tubules which are 
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Fig. 188. A diagram of the human testis, after 
Maximow and Bloom, re-drawn. 


lined by the seminal epithelium in 
which the spermatozoa are dev¬ 
eloped (p. 354). The seminiferous 
tubules are connected by a number 
of straight tubes, the vasa efferentia, 
with the vas deferens. This last, 
where it lies close against the testis, 
is greatly convoluted, making a 
soft pinkish mass, the epididymis. 
The vasa efferentia join the vas 
deferens at the anterior end of the 
epididymis, and from its posterior 
end the vas deferens leads away, 
as a straight tube, through the 
inguinal canal into the peritoneal 
cavity. A short cord of connective 
tissue joining the posterior end 
of the epididymis to the floor of 
_ the scrotum is the gubernaculum. 

In the peritoneal cavity the two vasa deferentia run backwards side by side 
along the dorsal aspect of the neck of the bladder (the beginning of the urethra) 
and open into it beneath a small slightly bifurcated diverticulum, the uterus 
masculinus The urethra (now a urino-genital canal), on its way to the penis, 
receives the secretions of several glands. The prostate gland lies doreally on the 

urethra around and behind the base of the uterus masculinus, and Cowper's glands 
he posteriorly to the prostate. s 

rndTithoT COn f i ist f of an ™ tcr u ' aU of sk ‘ n and connective tissue enclosing three 
" bodl <* which extend lengthwise through it, the two corpora cavernosa and the 
single corpus spongiosum. These each consist of erectile tissue. Erectile tissue is 
spongy, containing irregular spaces incompletely separated from one another by 

2“‘°hl 0r H trabC ? t e ' T ?® SpaCCS are really very much enlarged and anasto- 
The rtSh ? VeSSC T’ but ' vh ^ n the P ems is at rest they contain little or no blood 

int ^e bodv bevond C r h f T**’ COrpUS s P on P osum scarcely extends 
htZ dy b y d * baSC ° f the pems > and the urethra ™ns through it but 
the two corpora cavernosa continue further, and are attached to the ischium’ At 

tin of th Cnd ° f thC PCmS thC Skin f ° rmS a Ioose foId cal,ed the prepuce by which the 
~ WhCn " ~ ThC ofcircumdsion'ls £ 

ite ~ 


Physiology of the male reproductive system 

i-^M^^ST5S= “ ° r p™- w 

glands into the urethra the resulting mi Cret J® I ? s pf the P r °state and Cowper’s 

' re,wlUn ¥ being the semen, (c) insertion of the 
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penis into the female genital aperture, and the violent expulsion or ejaculation of 
the semen from the penis. 

When the penis is at rest the cavities of the erectile tissue are slit-like and con¬ 
tain little blood, but in erection they are enormously distended with blood so that 
the whole penis becomes enlarged and stiff. This engorgement of the erectile 
tissue with blood is brought about chiefly by the dilatation of the smaller branches 
of the artery which supplies the erectile tissue, allowing more blood to enter the 
corpora cavernosa and spongiosum, while at the same time the engorged erectile 
tissue presses upon and constricts the veins leading away from it, so that the blood 
cannot readily escape. 

In the preparation of the semen, the spermatozoa are moved Irom the epi¬ 
didymis, through the vasa deferentia, into the urethra. There is reason for think¬ 
ing that they may be inactive in the epididymes and vasa deferentia and that their 
activation, which sets them swimming, may be one of the functions of the secretion 
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of the prostate. The secretion of Cowper’s gland is said to traverse the urethra a 
little in front of the true semen, so washing out any traces of urine and lubricating 
the duct ; the same function has been attributed to the prostatic secretion. 

Ejaculation is brought about partly by contraction of the muscular coat of the 
urethra, and partly by two striped muscles (the bulbo- and ischio-cavernosum) the 
constrictions of which squeeze the urethra. The stimulus to ejaculation is contact 
between the sensitive end of the pehis (known as the glanspenis) and the wall of the 
vestibule (in man, where the vestibule is very short, of the vagina). The effect is 
the throwing of the semen into the female genital passage. 

Each emission contains enormous numbers of spermatozoa. In man the 
average number is said to be 226,000,000 and the maximum about 550,000,000. 

The function of the testes as an endocrine organ is dealt with on p. 268. 


The female reproductive organs 

The ovaries retain their primitive position on the dorsal wall of the abdomen. 
I hey are oval in form, each about three-quarters of an inch long and they are 
found behind the kidneys. Their structure is described on pp. 354-6. 

1 he urino-genital aperture in the female is the vulva, the opening of the vestibule, 
which runs forwards ventral to the rectum. Embedded in the anterior wall of the 
vestibule is a small rod-like body the clitoris which, since it contains a pair of 
corpora cavernosa, is regarded as a rudimentary penis. The vestibule continues 
into the neck of the bladder, but gives off dorsally a wide median tube, the vagina, 
which runs forwards and divides to form two convoluted tubes, the uteri. Anteriorly, 
each uterus becomes very much narrower, and this narrower part is known as the 
Fallopian tube. Each Fallopian tube opens anteriorly by a wide and funnel-like 
expansion, into the peritoneal cavity, and the expansion partly covers the ovary 
In man the two uteri coalesce to form a single median uterus from which are 
given off the two Fallopian tubes, and the vagina opens directly at the exterior. 

I here is no prostate gland, and Cowper’s gland is reduced or absent, but the 
perineal and rectal glands are as in the male. 


Physiology of the female reproductive system 

Most mammals breed only during a certain season of the year, usually spring 

and even during the breeding season the females are usually willing to copulate 

timCS '- A "™ als showin & sexual desire are said to be ‘ on heat’, and 

5 °, f Changes “ the female ^productive organs between successive periods 

ovaX e , " 35 the 0e5tr0US C - V£le - During the P hase of sexual inactivity the 

rTembUngXtT f matU, \ OVa an ^ the reproductive organs are in a condition 
resembling that before puberty. Then one or more of the young ova begin to 

Finally during°' * ^ V3gina t,licken and become more vascular 

Mopian“Z ' ' °" *"> ^ fr ° m ««“ T and enter the 

onliaft 1081 ani , mals an t man ovulation occurs spontaneously, but in the rabbit 
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embryo becomes embedded in the uterus wall and there continues its de¬ 
velopment, and the corpus luteum enlarges and persists until after the birth of 
the young. 

The part played by the female in copulation is obscure. The clitoris undergoes 
erection like the penis in the male, and there are also movements, of which but 

little is known, in the vagina and uterus. 

At birth, the young are ejected by rhythmic contractions of the wall of the 

uterus, aided by the abdominal muscles. 

The finer structure of the ovary and corpus luteum are discussed on pp. 354 ’ 7 - 
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The origins of the urino-genital organs 

Transient pronephroi are formed during the development of the mammalian 
embryo as in that of lower forms ; they are never functional. The mesonephroi 
which succeed them are for a time the functional kidneys of the embryos of many 
mammals, but they too are transient and later disappear more or less completely 
(see below). The functional kidneys of the adult are a pair of metanephroi developed 
later than the mesonephroi and posterior to them. They consist of uriniferous 
tubules each with a Malpighian body but without a nephrostome. 

Since the mesonephroi do not become the kidneys of the adult, the meso¬ 
nephric or Wolffian duct does not become the ureter.’ In the male it forms the 
vas deferens ; the vasa efferentia, by which it is connected to the testis, develop (as 
in the frog) from some of the mesonephric tubules. In females, both the meso¬ 
nephroi and their ducts either disappear completely or persist only as apparently 
functionlcss vestiges. The ureters of the adult are the melanephric ducts ; they grow 
to the metanephroi from the posterior ends of the Wolffian ducts In the female 
the Fallopian tubes, uteri and vagina are formed from the Mullerian ducts which 
develop independently of the various kidney ducts. In males the Mullerian ducts 
form the uterus masculinus. The vestibule in the female and the urethra in the male 
are lined by endoderm ; they are derived from the endoderm-lined part of the cloaca 
with which the embryo is for a time provided ; the bladder forms from the base of 

e allantois (p. 417), an endoderm-lined outgrowth of the posterior part of the 
alimentary canal. 



CHAPTER XX 


THE LAND CONQUERED : THE RABBIT ( Continued) 

As in other vertebrates the mechanism of co-ordination in the rabbit consists 
of two components ; (a) the nervous system, and ( b ) the system of endocrine 
glands. 

THE NERVOUS SYSTEM 

The brain 

The brain resembles that of the frog and differs from that of the dogfish in the 
division of the telencephalon Into two cerebral hemispheres which are relatively 
very much larger in mammals than in the lower forms. They are so large that they 
overlap the whole of the diencephalon and mesencephalon and almost touch 
the cerebellum behind. In higher mammals the surface of the hemispheres is 
thrown into numerous folds or convolutions separated from one another by grooves 
called fissures or sulci (sing, sulcus) ; but in the rabbit the hemispheres are nearly 
smooth. There is, however, a groove, the Sylvian fissure, which divides each hemi¬ 
sphere into a larger antero-medial frontal lobe and a smaller postero-lateral occipito¬ 
temporal lobe. 

The superficial tissue of each cerebral hemisphere consists of nerve cells and is 
called the cerebral cortex or pallium ; it is the great development of this which chiefly 
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Fic. 192. The brain of a rabbit. 
The roofs of the cerebral hemispheres 
have been removed to expose the 
lateral ventricles and structures in the 
floor. 'I he corpora quadrigemina are 
also made visible. 


distinguishes man from other mammals and 
mammals from animals below the mammalian 
level. Connecting the cortices of the two 
hemispheres is a broad band of nerve fibres, 
the corpus callosum , which can be seen from 
above by pressing the hemispheres apart. 

Each hemisphere contains one of the two 
lateral ventricles whose form is complicated by 
various thickenings in the walls. The corpus 
striatum is such a thickening in the walls and 
floor of each hemisphere. 

The pair of small olfactory lobes projects 
forwards from the hemispheres, and in ventral 
view each is continued backwards by a band 
of tissue which ends in a rounded elevation of 
the occipito-temporal lobe. The band is the 
olfactory tract of nerve fibres and the rounded 
elevation is part of the hippocampal formation , 
an important structure much of which is 
hidden beneath the surface. 

The diencephalon (thalamencephalon) is hid¬ 
den dorsally by the backward extension 
of the cerebral hemispheres. From its dorsal aspect arises the stalked pineal body, 
which is perhaps an endocrine gland, and ventrally is an outpushing, the infundi¬ 
bulum, part of which helps to form the pituitary gland. The ventricle of the dien¬ 
cephalon, or third ventricle, communicates with the lateral, or first and second 
ventricles, by a single aperture, th e foramen of Monro. The side-walls of the dien¬ 
cephalon are thickened by the optic thalami (sing, thalamus), while the roof is not 
nervous and is pushed into the ventricle as a vascular fold, the anterior choroid plexus. 

L he mesencephalon, or mid-brain, is partly obscured from above bv the cerebral 
hemispheres It differs from the mid-brain of the dogfish in having, besides the 
two optic lobes, another pair of lobes behind these, and the four lobes are known as 
the corpora quadrigemina. As m the lower forms, the walls and floor are thickened by 
crura cerebri which reduce the ventricle to a narrow vertical slit, the iter (the full 
name is iter a tertio ad quartum ventriculum ’). 

doil th t < l h,nd ' brain ; or ' hombe ' lce P halon > medulla oblongata resembles that of the 

h ’ t PC i nng gradually to the spinal cord, while the cerebellum is very large and 

ventHH ri ° f * T*?™ Iobe and two ^eral lobes on each side* The 

ventricle of the rhombencephalon is the fourth ventricle ; through the iter it com 

mumcates with the third ventricle in the diencephalon and posteriorly it continues 

nto the cavity of the spinal cord. The roof of the medullaoblongata LeWndThe 

cerebellum is non-nervous and forms the posterior choroid plexus. 

Function in the brain 
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to consider function in the brain of the dogfish and thereafter functional and 
evolutionary changes in the brains of higher vertebrates. 

Modes °f behaviour. For our present purposes we may very roughly classify the 
activities of animals under two heads : (i) those actions which are invariable or 
stereotyped, which are common to all individuals of a species, and which are 
inherited, not requiring to be learned ; these include simple reflex actions like the 
jerk of the knee when suitably struck with a rod, and among animals such much 
more complex actions as nest-building by birds ; (2) those activities which can be 
varied or modified in accordance with previous experience, including actions which 
are carried out as the result of a process of reasoning. Human activities belong 
predominantly in class 2, and this is by far the most important difference between 
man and animals. We express it by saying that men are more intelligent than 
animals. Among animals, a great part of the total activity comes under class 1, 
and, by and large, the lower the animal in the evolutionary scale, the greater this 
part is. In the dogfish we are dealing with an animal almost the whole of whose 
activity is stereotyped, which has very little power of learning, and probably none 
at all of rational inference. 

The reflex arc. The structural foundation of the first class of activities is the 
reflex arc. In the knee-jerk reflex, for instance, an impulse passes from sense 
organs in a tendon which, while stretched over the knee, receives a sudden blow, 
through sensory nerve fibres into the spinal cord ; thence, after passing through 
inter-nuncial neurones, it emerges in motor nerve fibres running to muscle fibres 
whose contraction makes the jerk. The whole reaction is automatic and invari¬ 
able, need involve no consciousness, no consideration, no judgement and no choice. 
It is pre-determined by the structure of the nervous pathways along which the 
impulses must pass. It does not follow that the nervous pathways involved in a 
reflex arc are necessarily simple ; they may be very complex indeed. Sensory 
impulses may enter the spinal cord through one dorsal spinal root, and leave it by 
a ventral root in some quite different part of the cord, or a whole series of different 
impulses, from different sense organs in different parts of the body may enter the 
spinal cord simultaneously, so that there must be a great deal of co-ordination 
before a series of impulses leaves the cord in motor nerve fibres and produce an 
appropriate response by muscles and glands. 

‘ Block * and 4 facilitation the physiological foundations of habit-forming and learning. 
Two features of the synaptic connection between neurones must be mentioned 
because of their great functional importance. One is synaptic resistance or block. 
The central nervous system is so rich in synaptic links that every neurone is 
directly or indirectly connected with every other. One would therefore expect that 
every impulse entering the brain or spinal cord would instantly excite the entire 
central nervous system and that impulses would stream from it to all the muscles 
of the body simultaneously. In actual fact, of course, this does not happen ; each 
impulse travels only along a restricted pathway and excites activity in only a 
limited group of muscles or gland cells. The mechanism guiding impulses through 
the labyrinthine pathways of the brain and spinal cord is far from understood but 
appears to depend on the facts : (a) that every synapse offers a certain resistance 
to impulses trying to cross it, ( b) that the strength of the resistance varies from 
synapse to synapse, (c) that impulses follow the line of least resistance. An im¬ 
pulse may be travelling through a neurone making synapses with twenty others, 
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but the resistance at most of these synapses will prevent its crossing them, and so 
it wall be directed into one or a few. Synaptic resistance is not a complete block¬ 
age ; a stronger external stimulation may cause th^ impulse to force its way 
through more synapses into additional nervous pathways and so elicit a wider 
response, as we might exclaim at a slight pain but scream and struggle if the pain 
became an agony. A second feature of importance in the physiology of the 
synapse is facilitation. The resistance at synapses is lowered if they are frequently 
used, with the result that the more frequently impulses traverse a nervous path¬ 
way, the easier the passage becomes, just as a jungle track is improved by the 
passage of people along it. Facilitation is the physiological process underlying 
habit-forming and learning, for it ensures that the ease with which we perform an 
action, or follow a train of thought, shall increase with repetition. 

Function in the dogfish brain ; sensory and motor centres. With the exception of 
the cerebrum and cerebellum, the brain of the dogfish to a great extent re¬ 
sembles functionally an expanded part of the spinal cord ; its greater size and 
complexity are largely to be explained by the importance of the great sense organs 
in the head. The nerve fibres from these sense organs enter the brain in some of 
the cranial nerves. Wherever a batch of sensory fibres enters the brain or spinal 
cord, they form synapses with inter-nuncial neurones (p. 66). Groups of inter- 
nuncial neurones which thus act as receiving centres for sensory impulses are 
primary sensory centres. To a very great extent the dorsal part of the grey matter in 
the spinal cord (i.e. near the dorsal roots) consists of such centres, and, except in 
the cerebrum and cerebellum, the same is in the dogfish true of the brain. The 
more ventral parts of the grey matter of the spinal cord and brain consist largely of 
similar motor centres from which arise motor newe fibres which leave the brain in 
motor or mixed newes. Fig. 193 shows the dogfish brain with the areas of the 
principal sensory centres marked. It will be seen that the olfactory lobe, nearly the 
whole of the telencephalon (cerebrum) and a large part of the diencephalon are^hus 

3 “™* 'whrt? ° f S . meI1> While ,he centrc for the sense of sight, the part 
of the brain to which the optic nerve carries its impulses, is in the optic lobes P In 

the medulla oblongata are other important sensory centres ; an acoustico-lateralis 

area which deals with the closely related senses of the auditory organs semi 

iT^rt a ‘ and an °* hcr for the ^aim ng 7 enscsTL,ed i„ 

the skm. The sensory centres are matched by more ventraSv situate 
centres to which impulses are carried ,o be relayed to n,Sd rfS* Each 
motor centre in the brain and cord is connected especially, though not exclusively 
Uh one of the sensory centres, and the relation between them* apmely Ztli 
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one ; a particular sensory stimulation elicits a particular and invariable motor 
response. The white matter of the spinal cord and brain consist largely of tracts 
of nerve fibres joining the sensory and motor centres, or carrying sensory impulses 
from the spinal cord into the brain, and motor impulses from the brain into the 
spinal cord. The crura cerebri in the mid-brain, and the more ventral parts of the 
thick walls of the medulla oblongata, consist of such pathways between brain and 
cord. 

Function in the dogfish brain ; correlation centres. A moment’s thought will show 
that an animal as complicated as a dogfish, whose brain consisted wholly of an 
apparatus of direct relations between primary sensory centres and motor centres, 
without correlation between these different functional systems, and without any 
higher centre exercising control over them, would hardly work, because it could 
not function as a unit. The mechanism by which different parts of the brain are 
co-ordinated, so that it shall act as a unit, is the apparatus of correlation. Broadly, 
correlation is carried out in two ways : (a) the different centres are connected 
with one another, and by means of these connections simple adjustments between 
their activities can be made. The life of a fish is not very complex, nearly all the 
situations in which it finds itself can be met adequately by the exercise of innate 
reflexes (behaviour of type 1) with simple adjustments between the centres ; ( b) in 
addition to these inter-connections between the primary centres, there are correla¬ 
tion centres. A correlation centre is a group of nerve cells connected to several 
primary sensory centres, and to motor centres, and its function is to analyse 
messages coming to it from sensory nerves of several different kinds (e.g. olfactory, 
optic, auditory), through their several primary centres, and then to send out to 
muscles, through motor centres, such impulses as will ensure an appropriate 
reaction by the animal. A dogfish might smell a nice piece of food and at the same 
moment see a very large shark approaching ; then the correlation centres con¬ 
cerned with sight and smell will so adjust outgoing impulses that the fish will swim 
away from both shark and food. 

In fishes the correlation centres are much less developed than they are in the 
higher animals, a fact which reflects the more automatic and reflex behaviour of 
fishes, and their lesser adaptibility. There are three important correlation centres 
in the dogfish brain, situated (1) in the telencephalon, (2) in the diencephalon, 
and (3) in the cerebellum. 

The correlation centres in the telencephalon are the structures known as the 
corpora striata, a great mass of nerve cells forming a thickening in the floor ofeach 
lateral ventricle. It is the only part of the telencephalon of the dogfish which is 
not occupied by the huge olfactory centre, and it is a region in which messages from 
the olfactory centre are correlated with messages which have travelled up the 
brain, from sensory centres lower down in the brain or spinal cord. The corpora 
striata arc more developed in higher vertebrates, especially in the birds, than in 

the fishes. ' ., . 4 .. > 

The wall of the diencephalon is thickened on each side by two structures called 

the thalamus and hypothalamus (whence the term thalamencephalon, often used for 
‘diencephalon’). 'The hypothalamus is the larger ; it is a correlation centre 
co-ordinating impulses from the olfactory and other sensory centres. The smaller 
thalamus appears to be of great importance. Destruction of the whole telen¬ 
cephalon deprives the fish of the sense of smell but does not greatly modify its 
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behaviour ; but if the thalamus be destroyed the fish becomes incapable of 
spontaneous activity. It is thus possible that in fishes it may be the thalamus which 
contains the highest governmental centre. 

The cerebellum has much the same functions in all vertebrates. . It gives to the 
movements of locomotion their easy automatic rhythm ; patients with cerebellar 
tumors can walk, but do so with difficulty, having to think of each movement. 
They ‘ walk with their cerebral hemispheres ’. The cerebellum does not decide 
what shall be done, but so regulates the doing that disaster, especially from loss of 
balance, will be avoided, and success achieved. 


Evolutionary changes in the brains of higher vertebrates 

The brain has undergone many changes during the evolution of the different 
groups of animals, and these changes can be classified into two kinds. 

Functional specialisation. Different animals lead different kinds of lives, and in 
accordance with their various special needs have the parts of the brain differently 
developed. Thus, the cerebellum is large and elaborate in active animals and 
in those whose mode of locomotion requires particularly skilful muscular co¬ 
ordination, as in the dogfish, birds and mammals, but is small in the comparatively 
sluggish frog. In birds like the eagle, of powerful and skilful flight, the cerebellum 
is larger and more elaborate than in the barn-yard fowl. In birds, again, the 
sense of smell is of little use and but slightly developed, the olfactory lobes are 
small, and in general, there is only a poor representation of the olfactory sense in 

the brain, but the eyes and the parts of the brain related to them are large and 
elaborately formed. 

Evolution of higher correlation centres. Such power as the dogfish possesses of 
varying its behaviour according to circumstances it owes to its few correlation 
centres. Among higher animals we find behaviour to be more capable of modifi¬ 
cation, but there may also be an enrichment of the possible ways of automatic 
behaviour. Finally, in the later evolution of terrestrial animals, these two trends 
of progress separated ; the birds specialised in the elaboration of instinct, but the 

mammais, and especially the apes and man, in developing the power to vary their 
conduct according to circumstances. y 

These changes depended on the elaboration of old, and the development of 

“ y* gelation centre f- We sha11 now discuss these innovations in more detail 
taking the parts of the brain in order. ’ 

CentreS J n the Mwphalon. In the telencephalon the principal struc- 
tures to be discussed are the corpora striata, and the cerebral cortex. P 

In fishes the corpora stnala are, by comparison with higher forms relatively 
undeveloped ; they are here correlation centres linking olfactoT ^th non 
incom >ng messages, and sending motor impulses through the lower parts' 
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enormous while the parts concerned with intelligent conduct are not better 
developed than in the reptiles. 

Among mammals, where instinctive behaviour is eclipsed by activities of the less 
fixed and more adaptable type, the corpora striata remain important but are over¬ 
shadowed by the great development of the cerebral cortex. It is in amphibians, like 
the frog, that we first find nerve cells in the superficial tissue of the cerebral hemi¬ 
spheres. These cells constitute the archipallium, the first beginning of the cerebral 
cortex, which in mammals is the highest correlation centre and dominates the 
entire brain. In the frog the archipallium, like the rest of the cerebral hemi¬ 
spheres, is still connected principally with the olfactory sense. Nevertheless, its 
presence increases the importance of the telencephalon as a governmental centre, 
for while the removal of the entire telencephalon has little effect on the behaviour 
of a fish, it changes a frog into an imbecile. Such a frog is devoid of initiative, 
tending to sit motionless until it dies. It can respond to external stimuli, and the 
sight or sound of a fly may be followed by capture of the insect; but the de¬ 
cerebrate frog does not go looking for flies. 

In reptiles the archipallium is much larger than it is in the frog, but it is still 
dominated by the sense of smell. Nevertheless, in addition to the archipallium, 
there is in reptiles a part of the cortex which is not especially concerned with smell, 
but which is connected also, through tracts of nerve fibres ascending to it from lower 
parts of the brain, with sensory centres and lower correlation centres associated 
with other senses than smell. This is the neopallium. It remains small in reptiles 
but becomes larger in mammals, and in the higher mammals forms by far the 
greater part of the cerebral cortex, and in man it dwarfs all other parts of the brain. 
Thus the purely olfactory parts of the telencephalon, the olfactory lobes and olfac¬ 
tory tracts, and the archipallium, are relatively reduced in size and importance as 
the neopallium increases. In mammals the archipallium is represented only by the 
hippocampal formation whose olfactory relationships are indicated by the olfactory 
tract, which can be clearly seen running back to it from the olfactory lobe. 

The neopallium itself is a huge correlation centre, receiving impulses from the 
sensory centres and from lower correlation centres, and sending out-going im¬ 
pulses to the motor centres, while all parts of it are connected with one another. 
It is in this extremely complex network of inter-connected nervous cells that the 
higher functions of the brain, consciousness itself, imagination, rational thinking, 
deliberation, choice, and so on, are exercised in some manner which remains 
obscure. In other words, the neopallium is the physical basis of the mind. 

The principal difference, then, between the brains of the dogfish and of the 
mammal is the presence in the mammal of the cerebral cortex, and between that 
of reptile and mammal it is the great development of the part of the cortex called 
the neopallium, and the relegation of the olfactory archipallium to a subordinate 

position. , . , it* r u 

The corpus callosum, a large tract of nerve fibres joining the neopaUia ol the 

two sides, is found only in mammals above the level of the marsupials (p. 232). 

Correlation centres in the diencephalon. The principal organs in the diencephalon 
are the two parts of the thalami (p. 257), of which the olfactory hypothalamus is 
arge in the dogfish and relatively small in mammals, while the non-olfactory true 
thalamus is small in the dogfish and relatively large in mammals. In man the 
true thalamus has become a structure of great importance. It is a sort ot vestibule 
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through which pass the sensory impulses on their way to the neopallium. There is 
good reason, too, for the belief that the thalamus is a seat of part of our total con¬ 
sciousness, which is thus not wholly a function of the cerebral cortex, and that it 
discriminates between painful and pleasurable sensations independently of the 
cerebral cortex. 

Correlation centres in the mesencephalon. In the mid-brain the most obvious differ¬ 
ence between the dogfish and mammal is the apparent presence of four optic lobes 
in mammals. However, only the more anterior of the corpora quadrigemina con¬ 
tain centres especially concerned with sight, while the posterior pair are concerned 
chiefly with hearing. 

A marked feature on the mesencephalon and medulla oblongata of all verte¬ 
brates is the thickening of the walls and floor. These thickenings, in the mid¬ 
brain called the crura cerebri, consist largely of tracts of sensory fibres in the walls 
and of motor fibres in the floor, the former carrying impulses on their way from 
the spinal cord to the thalamus and through it to the neopallium, while the latter 
carry motor impulses downwards from the neopallium. 

Correlation centres in the medulla oblongata. In general, the distribution of the 
sensory centres in the medulla oblongata of the mammalian brain is much as in 
that of the dogfish, but they are disturbed by the new development of various 
correlation centres. The functions of the cerebellum, the correlation of motor 
activities especially m relation to balance and orientation, are much the same in 


The spinal cord and peripheral nerves 

The structure of the spinal cord is sufficiently described on p. 347. It may be 
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ganglia nerves run connecting them with a second series of sympathetic ganglia 
called collateral ganglia. Leaving aside certain ganglia in the head, these are the 
coeliac, anterior mesenteric and posterior mesenteric ganglia, all of which are unpaired 
and median. The first two lie in the mesentery close to the origin of the anterior 
mesenteric artery, where they are known as the solar plexus because the many 
nerves radiating from them resemble a diagram of the sun’s rays. The posterior 
mesenteric ganglion lies close to the artery of the same name. From the collateral 
ganglia nerves run to the viscera. 

The sympathetic neurones which supply the viscera, like the neurones supply¬ 
ing the skeletal muscles and superficial sense organs, are of two kinds : sensory and 
motor. The sensory visceral neurones run from the viscera, through the collateral 
ganglia and those of the sympathetic chain, and the rami communicantes, to the 
spinal ganglia, where their cell bodies are situated, and thence their fibres continue 
into the spinal cord. They thus resemble other sensory neurones, except of course 
in coming from sense organs situated in the viscera instead of in the skin. The 
visceral motor neurones are of two kinds : (a) pre-ganglionic and ( b ) post-ganglionic. The 
pre-ganglionic visceral motor neurones have their cells bodies in the spinal cord, 
run out through the rami communicantes, and terminate either in the ganglia of 
the sympathetic chain or in the collateral ganglia, in either case making synapses 
with post-ganglionic neurones. These then send their fibres, either in nerves 
arising from the collateral ganglia to supply the muscles and glands of the viscera, 
or back up the rami communicantes and into the spinal nerves, in whose branches 
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they are distributed to such structures in the body wall as sweat glands and the 
smooth muscle fibres on the walls of blood vessels. 

The para-sympathetic system. Most of the viscera have a double motor innervation, 
receiving motor nerve fibres not only from the sympathetic system but also from 
the para-sympathelic system. Setting aside the rather complicated arrangement in 
the head, the para-sympathetic system consists of visceral motor neurones whose 
cell bodies are in the medulla oblongata and in the sacral region of the spinal cord 
(at the posterior end of the trunk). Their fibres ( a) leave the medulla oblongata 
in the vagus nerve, continuing along its visceral branches to the viscera, and ( b ) 
leave the sacral region of the spinal cord in ventral nerve roots, are then bundled 
together to form the pelvic nerve , and again go to the viscera. In the walls of the 
viscera these neurones make synapses with neurones forming widely distributed 
plexuses or networks of nervous cells and fibres (e.g. Auerbach’s and Meissner’s 
plexuses) which somewhat resemble the ‘ nerve net ’ of Hydra. The neurones of 
the plexuses supply directly the muscles and glands of the viscera. Thus the para¬ 
sympathetic neurones leaving the brain in the vagus or the spinal cord in the sacral 
region correspond with pre-ganglionic sympathetic neurones, and those of the 
visceral plexuses with the post-ganglionic sympathetic neurones. 

The functions of the autonomic systems. Broadly speaking, while the cerebro-spinal 
system controls the relations between the animal and the outer world, the auto¬ 
nomic system regulates events within the animal. The significance of the double 
innervation of the viscera lies in the fact that usually, but with exceptions, im¬ 
pulses carried in the sympathetic and para-sympathetic systems act in opposite 
ways to one another, much as the reins and whip of a rider oppose one another, 
lhc activity of the viscera is determined by the balance of these ‘ opposed ’ forces 
Stimulation by the sympathetic accelerates and strengthens the heart beat, while 
the vagus makes the beat weaker and slower. The sympathetic relaxes the muscles 
ol the gut except the sphincters, which it contracts ; the para-sympathetic increases 

ohInn ° f , th T gUt m r SCleS ex r ept the s P hincters > and ^ese it relaxes (an 

obvious necessity if peristalsis is to force the food through the gut). 

THE ENDOCRINE GLANDS 
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T he secretion of an exocrine gland can only exert an effect in the region to 
which it is earned by the duct ; thus the saliva acts in the mouth, the bile in the 
intestine, the sweat on the skin and so on. But the secretion of an endocrine gland 
is carried in the blood to all parts of the body, and may therefore have its effect 
in any part, or in all parts, however far removed from the gland. The secretion 
is, in fact, a sort of chemical messenger ; it travels about in the blood, and when 
it reaches certain situations, certain organs or tissues, it excites or depresses their 
activity. F or this reason, the secretions of endocrine glands are called ‘ hormones ’ 
from the Greek verb oppcuo, ‘ I excite’. 

A number of endocrine glands are known and it is probable that more remain 
to be recognised. The principal of them are the pituitary, thyroid, parathyroids, 
the lining epithelium of the small intestine, and the ovary and testis. The 
intestinal epithelium, pancreas, and gonads are also, of course, exocrine glands, 
for besides the hormones which they pour into the blood they have other secretions 
(succus entericus, pancreatic juice, ova and spermatozoa) which are discharged 
into cavities of the body or on to its surface. 

The thyroid gland 

This gland is found, in the rabbit, as a bilobed structure, with one lobe on 
each side of the larynx, and the two lobes are connected by a strand passing 
ventrally to the larynx. In young rabbits it appears as two rather insignificant 
patches of reddish tissue. 

The function of the thyroid in regulating the metamorphosis of the frog has 
been discussed (p. 179). In man and other mammals it has other functions. If 
for any reason the thyroid of a child functions inadequately the child does not die, 
but its mental and physical development virtually stops, so that it becomes a 
dwarf and an idiot. Such dwarfs are called cretins. Should the thyroid atrophy 
in an adult, the pulse becomes slow, the hair falls out, the temperature is sub¬ 
normal, the rate of metabolism is low, speech is slow, and the mental powers are 
reduced. The condition is known as myxoedema. Both cretinism and myxoedema 
are cured by the administration of thyroid extract, or by eating thyroid tissue, 
which may convert an idiot dwarf into a bright and normal child. In exopthalmic 
goitre , where the thyroid is unduly large, causing a bulge in the neck, the rate of 
metabolism is increased, there is restlessness, muscular weakness, and wasting. 

The parathyroid glandrf 

These are small glands near, or embedded in, the thyroid, but having quite 
different functions. They are closely concerned in maintaining the level of 
calcium in the blood plasma by withdrawing it from the bones. 

The pituitary gland 

The pituitary gland is a complex structure which produces several hormones 
of the greatest importance in development and reproduction as well as in day to day 
metabolism. 

Embryologically, the gland has a double origin being formed in part 
from the infundibulum of the brain and in part from the hypophysis (p. 392), an 
upgrowth from the stomodaeal lining of the buccal cavity. 
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It is impossible here to more than mention some of the important functions of 
the gland. Its concern with growth is shown by the effect of over-activity of the 
anterior lobe (the part derived from the hypophysis) ; if this occurs while the bones 
are still able to grow in length the result is giantism, but if not till later (that is, after 
the bony union of the epiphyses and diaphyses, pp. 274-5) a condition called acro¬ 
megaly is caused. In acromegaly the bones, especially of the limbs and jaws, 
become thicker, particularly at their ends, so that hands, feet and jaws all become 
much enlarged. The anterior lobe is also important for a stimulating effect on the 
thyroid, on the cortical part of the adrenal glands, and on the part of the pancreas 
'which produces insulin (see p. 505) and it has a regulating action on the functioning 
of the ovary and on other phases of the ‘ oestrous cycle ’ (p. 253). Further, its 
injected extracts will induce ‘ broodiness ’ in fowls and egg-laying in frogs. The 
posterior lobe produces hormones which raise the blood pressure, stimulate the 
contractile activity of the smooth muscle of the alimentary canal and uterus, and 
are concerned in the metabolism of carbohydrates. 


The adrenal glands 

The adrenals are glands situated close to the kidneys. Each consists of an 

outer zone, the cortex, which is derived from the peritoneal epithelium, so that it is 

a mesodermal structure, while the inner part of the gland, or medulla, is derived from 

cells which have the same ectodermal origin as the nerve cells of the sympathetic 
nervous system. 

The cortex appears to be essential to life. Its degeneration is probablv the 
cause of Addison’s disease, in which there is pigmentation of the skin, anaemia, 
disorders in carbohydrate metabolism and other changes. Hypertrophy of the 
cortical tissue leads to precocious sexual development. The medulla produces the 
hormone adrenalin, a substance of great clinical value and physiological importance. 
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horns, antlers, and colours in various animals, differences in the voice and the 
psychological differences manifested in the behaviour of the sexes. 

The development of the secondary sexual characters is profoundly influenced 
by the gonads. Castrated boys (that is, boys whose testes have been removed) 
show a poor development of the penis and reproductive ducts, retain in manhood 
a childish voice, show only a slight development of pubic hair, grow to be very 
big (as with oxen) and tend to be fat. Removal of the ovaries from woman is 
followed by atrophy of the uterus and vagina, cessation of menstruation, and 
sometimes atrophy of the breasts. 

All these various effects are due to the absence of hormones produced by the 
ovary or testis as the case may be, as can readily be demonstrated by experiments. 
If the testes of a young male guinea pig be removed, and a fragment of ovary 
engrafted, the transplanted ovarian tissue will pour its hormone into the blood of 
the male ‘ host ’. The further development of the host then follows female rather 
than male lines. Its male reproductive organs develop no further, it acquires the 
general appearance and grows to the size of a female, its mammary glands enlarge 
and form milk, and it may suckle young guinea-pigs. Its behaviour towards other 
guinea-pigs is that of a female. The converse operation, removal of the ovaries 
from a female and the transplantation into her of testes, has analogous effects. 

The oestrous cycle (p. 253) of female mammals is controlled by a hormone 
which is secreted by the anterior lobe of the pituitary, and it is apparently the periodic 
production of the hormone by the pituitary which determines the cycle of activity 
in the ovary. This cycle being induced, another hormone produced by the corpus 
luteum (p. 253) cause changes in the uterus which prepare it to receive the fertilised 
ovum and is also responsible for the maintenance of pregnancy until full term. 


Other endocrine glands 

Hormones are known to be produced by a number of organs besides those 
already mentioned, Thus, the duodenum, when stimulated by the entry into it 
of acid from the stomach, produces the hormone called secretin ; this, circulat¬ 
ing in the blood, causes the pancreas to produce its digestive juice. Another very 
important hormone is insulin, a secretion produced by certain cells in the pancreas ; 
the cells in question are scattered among the exocrine parts of the pancreas as little 
groups of cells called the Islets of Langerhans. The thymus is probably still another 
gland of internal secretion, but very little is known of its functions. . 


Endocrine inter-actions 

Several examples have been given of one endocrine gland influencing another, 
as the pituitary of the frog tadpole influences its thyroid (p. 179). or ofmam- 
mals the ovary and hence the corpus luteum. Different endocrine glands ™ay 
affect the same process ; for example, the pancreas, the pituitary, and the adrenals 
all influence carbohydrate metabolism. In addition, the endocrine* are inne 
vated by the autonomic nervous system, and through it are indireedy influenced 
by the cerebro-spinal system. It is thus necessary to think of the «docrm«= and 
nervous system (especially its autonomic component) as actingJ ^ 

tion and forming an extremely complex nexus of agencies affecUng different pam 
of the body in different ways yet having their actions so correlated and adjusted 
that the entire body acts as an organised unit. 
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Hormonal transmission at synapses 

In transmission across synapses, the close connection between the cells making 
the synapse (whether two nerve cells, or a nerve cell and a muscle fibre, etc.) seems 
to exclude any action of a chemical messenger ; but recent investigations show 
that chemical messengers act even here. When an impulse arrives at the ending 
of a motor nerve fibre, whether of the cerebro-spinal or autonomic systems, and 
whether on a muscle fibre, a gland cell, or another neurone, there is liberated at 
the ending a minute quantity of a substance which, apparently, excites (or inhibits) 
the activity of the innervated cell. Such humoral transmission across synaptic 
junctions has been demonstrated in so many cases, while no exceptions have been 
proved to exist, as to make its occurrence in all cases extremely probable. 

The velocity of transmission of an impulse in human nerve fibres is about 
120 metres per second. Substances diffuse from one cell to another very much 
more slowly. The multicellular animals have speeded up the rate of transmission 
from place to place in their bodies by the evolution of nerve cells, whose long pro¬ 
cesses carry impulses rapidly to within a fraction of a micron of their goal, leaving 
only this tiny distance to be covered by slow diffusion. The nerve cell is com¬ 
parable with a telegraph wire carrying a message from Aberdeen to Torquay, the 
chemical messenger with the boy who takes it from the Torquay post office to its 
final destination at a house in the town. 


THE SENSE ORGANS 

We habitually think of our senses as numbering five, those of sight, smell, taste 
hearing and touch. A moment’s thought shows that this list is incomplete, for it 
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open behind through the internal nares into the naso-pharynx. The form of the 
chambers is greatly complicated by the scroll-like turbinal bones (p. 289), over 
which in the rabbit the olfactory epithelium is spread, so that its area is increased. 
In man, the extent of the epithelium is much less. As in other vertebrates, these 
cells, the true sensory cells of the olfactory epithelium, are also neurones, and their 
axons constitute the olfactory nerve. 

The eye 

The vertebrate eye, the structure of which differs surprisingly little in the 
different classes, in many ways resembles a camera. The essential structure of a 
camera includes : (a) a plate or film coated with a substance which undergoes a 
chemical change when illuminated, (b) a light-proof box, (c) an aperture in the 
box for admitting light, (d) a device for regulating the amount of light admitted, 
and ( e ) a lens for focussing the light on to the plate or film. In the eye, the eye¬ 
ball is the light-proof box, the plate or film is represented by the retina, the aper¬ 
ture for admitting light is the pupil, the amount of light admitted is controlled by 
varying the size of the pupil, and there is a lens which focuses the light on the 
retina. 

The eye-ball has an outer protecting covering, the sclera ; this is usually 
cartilaginous (not in man). On the exposed external surface of the eye, the 
sclera, where it covers the pupil and iris, is not cartilaginous, is transparent and 
is called the cornea. This, like the rest of the externally visible part of the eye-ball 
(that is, the ‘ white ’ of the eye) is covered by a very delicate transparent epi¬ 
thelium, the conjunctiva, which is continuous on the eye-lids with the epidermis of 
the skin. Next internal to the sclera is the choroid, a deeply pigmented mem¬ 
brane which keeps the eye-ball light-tight. At the front of the eye, a little behind the 
cornea, the choroid forms a circular fold, the iris, the aperture of which is the pupil. 
In brilliant light the pupil becomes smaller, so decreasing the amount of light 
entering the eye, and in poor light it enlarges, acting like the ‘ iris diaphragm ’ of 
a microscope or camera. The action is carried out by radial and circular muscle 
fibres in the iris. The various colours of the eye, blue, brown, etc., are due to pig¬ 
ment in the iris. Just behind the iris a small circular fold supports the lens. 
This fold contains the ciliary muscles ; these alter the curvature of the lens, so 
focusing or accomodating it, acting on it indirectly through the circular suspensory 

ligament by which the lens is supported. 

Lining the interior of the eye-ball, except at the cornea, is the retina, which 
consists of two principal parts, a thin outer pigmented layer, and an inner much 
thicker sensory and nervous layer. The pigmented layer is an epithelium, one cell 
thick, of cells heavily laden with black pigment. The sensory and nervous 
component of the retina is of great complexity. Leaving aside all but the most 
essential parts, it is divisible into three layers. The outermost (i.e. that furthest 
from the centre of the eye-ball) is made up of rod cells and cone cells. These are the 
light-sensitive sensory nerve cells. Each gives off (a) a process which extends 
towards the pigment layer and which is either rod-shaped (‘ rods ’) or cone- 
shaped (‘ cones ’), and ( b ) from its opposite end a nerve fibre or axon which ex¬ 
tends inwards (that is, towards the centre of the eye-ball). These inwardly 
directed fibres are the rod-fibres and cone-fibres. The second retinal layer, which 
consists of nerve cells each with two processes, makes synapses on the one hand 
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Fio. 195. Left, a diagram of the structure of the eye, seen in section ; right, a diagram of 
the most important sensory and nervous cells in the retina. 

with the rod and cone fibres, and on the other with the nerve cells of the third 
retinal layer, the layer of ‘ ganglion cells \ Each ganglion cell gives off a single 
nerve fibre. These fibres run over the inner surface of the retina to the blind spot 
the point of attachment of the optic stalk. They tum down into this, interrupting 
the retina, and forming the optic nerve. The rods and cones are the only light- 
sensitive parts of the eye and light falling upon them has traversed the layer! of 

° P k n T C u rCS> a " d the S an 8 lion cells and bipolar nerve cells with 
th ^ P roc ^“> b “ ldes other cells which have not been mentioned. 

hen light falls upon the rods and cones, impulses are set up in them which are 
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the directions of sounds, rather inefficiently, from the interval between the arrival 
of sound waves at the two ear-drums. The pinna and external auditory meatus 
together make up the outer ear. 

The middle ear. This resembles that of the frog in lying between the auditory 
capsule (periotic bone, p. 288), in which is housed the inner ear, and the tym¬ 
panum. It is enclosed by the tympanic bone (p. 288), and from it the Eustachian 
tube runs to the naso-pharynx. It differs from that of the frog in containing three 
auditory ossicles instead of one. One of these, the malleus (p. 291), is attached at 
its outer end to the tympanum, while its inner end articulates with the incus (p. 291) 
which is again attached by a joint to the stapes (p. 291). The three ossicles receive 
these names from a resemblance, in man, to a hammer, anvil, and stirrup. The 
stapes is a U-shaped bone whose arms are joined by an oval plate, and this 
lies in a small window, called the fenestra ovalis, in the auditory capsule. Thus the 
three ossicles make a chain crossing the middle ear from the tympanum to the 
auditory capsule. 

The inner ear. The membranous labyrinth fits loosely into a cavity of similar 
shape in the auditory capsule; it contains endolymph and is bathed in perilymph. 
It differs from the labyrinths of the dogfish and frog chiefly in the presence of an 
organ called the cochlea. This is a spirally-coiled tube divided lengthwise into three 
by two delicate membranes. The middle tube of the three, or scala media, is an 
outgrowth of the sacculus and therefore contains endolymph, but the other two tubes 
are derived from the space between the labyrinth and the auditory capsule and there¬ 
fore contain perilymph. In the wall of the auditory capsule intervening between the 
inner and middle ears are two windows : the fenestra ovalis, against which abuts 
the stapes, and the fenestra rotunda, which is closed by membrane. 

The essential part of the organ of hearing, or organ of Corti, consists of a series 
of sensory cells seated in the membrane which forms the floor of the scala media. 
Each of these cells gives off at its free end fine hair-like processes which rest against 
a flange-like projection from the wall of the scala media. The sensory cells 
extend continuously along the whole length of the cochlea. 
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Fig. 196. A diagram of the ear of a mammal, based on that of/nan. 
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cranium where it ends in a 
small sac. 

The functioning of the ear. 
The membranous labyrinth, 
with its accessory apparatus in 
the middle and outer ears, has 
two quite distinct functions. 

Sound waves set the tym¬ 
panum vibrating. The vibra¬ 
tions are transmitted through 
the auditory ossicles and fen¬ 
estra ovalis, and through the 
perilymph, to the fenestra 
rotunda, causing, as they go, 
vibratory movements of the 
delicate membrane bearing the 

From Grove and Newell; Animal Biology; Univ. Tutorial Press nm ,_ _r ____ 

F.C. .97. Diagrammatic transverse section of one ° r g an of C ° L rtI - Its sensory 
turn of the cochlea. The cochlear nerve is a branch cells are thereby caused to move 

Of the auditory nerve (Cr. N. VIII). relative to the flange-like mem¬ 

brane against which their hairs rest, so that the hairs are stimulated. Evidently, 
any sound wave which affects the stapes may thus affect the sensory cells, so that 
impulses are transmitted through the auditory nerve to the brain. It is then the 
task of the brain to interpret these impulses as the sensations we call ‘ sounds 
The sense organs of the utriculus, sacculus, and semi-circular canals are con¬ 
cerned with 4 reporting ’ to the brain rotations of the head and its position with 
respect to gravity. Each semi-circular canal is at one end expanded into an 
ampulla, and m each ampulla is a group of sensory cells and supporting cells. 
The sensory cells bear long hair-like processes projecting into the lumen of the 
ampulla. When the head is moved, for example in rotating it on the shoulders, the 
endoJymph m the semi-circular canals tends to be 4 left behind ’, and so flows past 
the hair-hke processes of the sensory cells, pulling upon them, and possibly bending 
them like reeds in a flowing stream * (Starling). This excites the sensory cells, 
which pass an impulse to the endings upon them of the eighth nerve. The 
arrangement of the semi-circular canals in three planes at right angles to one 
another ensures that, in whatever direction the head may move, the sense organs 
m one or more of the ampullae will be stimulated. In the utriculus and sacculus 
there are similar sense organs, with the important addition of multitudes of small 

SldlT 0 i Ca u b0nale ° f ! ,me -, The movements of these under the action of gravity 
fih^f tb he and im P u L Ises from the excited sensory cells through the 

t£T«^^I?Sn 1 |r Cr ^ t0 ^K bra ? Which " then abIe 10 ‘ infer ’ the position of 

Inttu be r ced that the sense or g ans m the ampullae detect move¬ 

ments while those in the utriculus and sacculus detect positions. 
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THE LAND CONQUERED : THE RABBIT ( Continued) 

THE SKELETO-MUSCULAR SYSTEM 

The musculature 

The metameric arrangement of the trunk musculature seen in fishes and in 
those primitive amphibia which, like fishes, move partly by sinuous laterally- 
alternating curvatures of the body, and which is to a very large degree lost in the 
frog, has disappeared almost completely in the mammals. 

Function of the skeleton 

The skeleton, like a bridge or other building, is a structure having the function 
of resisting mechanical strains, of which the principal, in a small animal like the 
rabbit, are placed upon it by muscles ; in larger animals the importance of gravity 
increases. Now, in all such structures the strains are of two kinds (omitting shear¬ 
ing strains) : tensions, and compressions or pressures. When an engineer builds 
a structure he chooses materials suited to resist the strains they will have to meet. 
Since steel resists both tension and compression with great efficiency, he will use it 
where both kinds of strain are to be met ; for parts which are to be subjected 
principally to pressures, he may use concrete or stone, and where the strains are 
purely tensile he will perhaps place wire-ropes, as in the supporting members of a 
suspension bridge. The principal component of the skeleton is bone, which stands 
up well against compressions, and against these combined with tensions, but where 
the strain is exclusively tensile we find fibrous tissues. These form ligaments 
(p. 339), strong bands usually running from one bone to another, binding together 
the two parts of a joint or, as we shall see, running the length of the vertebral 
column and averting dislocation by prevention of excessive bending, or extending 
from the skull back through the neck and supporting the head. Just as the 
mechanism of a bridge cannot be understood if we omit to consider its tension- 
resisting components, so the skeleton remains functionally meaningless if its 
associated ligaments are wholly neglected. 

Cartilaginous and bony skeletons 

The mammalian skeleton resembles that of the frog in consisting at first wholly 
of cartilage but differs from it in that the later replacement of this by bone is more 
complete. 

Epiphyses and diaphyses 

A feature distinguishing the long bones and vertebrae of mammals from those 
of most non-mammals is the presence of epiphyseal bone. Longitudinal sections 
through such a bone as the femur of the frog show it to consist of a bony cylinder 
plugged at each end with cartilage which forms the expanded ends. This cartilage 

274 
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is the remnant of the cartilaginous precursor, all the rest of which has been destroyed 
and replaced by bone. In mammals the cartilage is similarly replaced by bone 
throughout the shaft {diaphysis) but also by a centre of ossification in the cartilage 
of each expanded end ( epiphysis ). This epiphyseal bone soon destroys and replaces 
the whole of the epiphyseal cartilage except for (a) a thin layer covering the joint 
surface, which persists as the articular cartilage of the adult, and ( b ) a thin plate, 
which for a time separates the epiphyseal and diaphyseal bone, and provides for 
the growth of the bone in length (p. 337). It is called the growth cartilage. 
Growth in length ceases when it is destroyed and the epiphyseal and diaphyseal 
bone fuses. The line of the fusion can usually be seen on the surface of the bone. 


THE VERTEBRAL COLUMN 

General features of mammalian vertebrae 

The description given on p. 157 of a generalised vertebra of a terrestrial animal 
applies to that of mammals. Mammalian vertebrae differ from those of the frog 
in three chief respects. (1) Each centrum consists of a diaphysis and two short 
epiphyses whose junction with the diaphysis can usually be traced as a line on the 
centrum close to each end. (2) The ends of the centra are flat. (3) Successive 
centra are united by inter-vertebral disks of very tough fibro-cartilage (p. 322) 
which act as shock-absorbing cushions while at the same time permitting the 

l? £’ 'X At , the centre of '“Ch °fthese disks is a small remnant 

01 the notochord, the nucleus pulposus. 


Regions of the vertebral column 

The vertebral column of the rabbit consists of about 45 vertebrae. It is 
divisible into cervical, thoracic, lumbar, sacral and caudal regions in each of 



Fio. 198. Skeleton of the rabbit. 
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which the vertebrae share anatomical features which differentiate them from those 
of other regions and which are connected with differences in function. 

The cervical vertebrae 

The principal factors leading to a differentiation of the group of cervical 
vertebrae are the following : the articulation and support of the head, the pro¬ 
vision for its mobility against the trunk, the specialisation of the neck region as a 
whole with the absence of a body cavity, of bulky viscera, and the associated 
reduction in the size of the ribs. 

The fifth vertebra will serve as an example of all the cervical vertebrae except 
the first and second (sec below). The centrum is somewhat flattened dorso- 
laterally and the neural arch low. Arising from the neural arch on each side is 
what looks like a large bifurcated transverse process pierced through its base by a 
hole, the vertebrarterial foramen, through which passes in life the vertebral artery. 
The distal part of the ‘ transverse process ’ is really a reduced cervical rib, for it 
originates as a separate cartilage (later ossified), which fuses with the true trans¬ 
verse process and centrum, encircling the vertebral artery and creating the fora¬ 
men. 

The atlas and axis ; the articulation of the skull. These vertebrae are very much 
specialised in connection with the articulation of the head and its mobility against 
the neck. 

The first or atlas vertebra is a bony circle. Dorsally it is much longer antero- 
posteriorly than it is ventrally, like a signet ring. In life, the ring is divided 
horizontally by a ligament into dorsal and ventral parts, of which the upper 
is occupied by the spinal cord, and the lower by a process of the second 
vertebra, the odontoid process. This structure is by origin the centrum of the atlas ; 
but during development it becomes joined to the axis and then acts as a pivot 




neural spine 



vertebrarterial 

facet for occipital condyle facet for odontoid process cervlcol rib facet for axis canal 

dorsal posterior 

Atlas vertebra 


anterior 


neural spine 


neural spine 


odontoid process 



vertebrarterial canal 


postzygapophysls 

cervical rib 



prczygopophysls 


vertebrarterial canal 
Axis vertebra 


centrum 

Cervical vertebra 


Fic. 199. The atlas, the axis, and a cervical vertebra, of a rabbit. 
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around which the atlas can, to a limited extent, rotate. The rudimentary cervical 
ribs of the atlas are much bigger than those of other cervical vertebrae, forming on 
each side a large horizontally flattened wing pierced by the vertebrarterial foramen. 
A smaller foramen, situated antero-dorsally to the vertebrarterial foramen, is also 
traversed by the vertebral artery, which here enters the spinal canal and then passes 
through the foramen magnum into the skull. The atlas has no zygapophyses and 
its neural spine is quite small. Its articulations with the skull and axis are de¬ 
scribed below. 

The second, or axis, vertebra has, continuing its centrum forwards, the peg¬ 
like odontoid process, which we have seen to be in origin the centrum of the atlas. 
The cervical ribs are small, but the neural spine is high, flattened in the median 
plane, and elongated antero-posteriorly. There are no pre-zygapophyses but a 
pair of post-zygapophyses articulate with the pre-zygapophyses of the third verte¬ 
bra. 

The head is free to move upon the neck around all three axes of space. The 
joint between the skull and the atlas is made by the convex occipital condyles 
(p. 287) articulating with a pair of concave facets on the atlas ; it permits 
only a nodding up and down movement. The articulation between the axis and 
the atlas permits the atlas to rotate upon the axis in two ways. (<2) The ventral 
surface of the odontoid process bears an articular facet resting on a small median 
facet of the atlas, enabling the atlas to rotate round the odontoid process as on a 
horizontal pivot. ( b ) A pair of small concave and inwardly facing facets on the 
posterior face of the atlas ardculate with larger paired outwardly-facing convex facets 
on the axis, so that the atlas can rotate from side to side against the axis ; that is 
the animal can turn its head from side to side while keeping the axis stationary! 

1 he large dorsal and ventral surfaces of the horizontaUy expanded cervical 

ribs of the atlas serve for the attachment of muscles which pass dorsally and ventrallv 

to the posterior parts of the skull and produce its nodding movements. The axis 

in contrast, has its principal surfaces for muscles on its medially expanded neural 

arch and neural spine, from which muscles go to the lateral parts of the skull in the 

occipital region, and to the cervical ribs of the atlas, their contractions producing 
the movements described above. H g 

The thoracic vertebrae 

, T ^ e r th ° racic vertcbra e are defined as those bearing movably articulated ribs 
d so forming part of the thoracic basket which plays so important a part in 
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Fig. 200. Anterior (left) and posterior (right) thoracic vertebrae of the rabbit. 


The neural spines of the thoracic vertebrae become higher and slope more pro¬ 
nouncedly backwards from the first to the fifth, but behind this both the height 
and the slope decrease. Now, all the vertebrae of the spine are connected by a 
series of ligaments, of which we will mention three. One of these, the supraspinous 
ligament , runs backwards from the skull and connects the neural spines of the vertebral 
column. It corresponds with the vertical sheet of connective tissue which, in the 
dogfish, intervenes between the lateral masses of muscles (Figs. 64, 65, p. 105). 
Another joins all the transverse processes on each side, and a third runs beneath the 
vertebral column, starting at the adas. These ligaments take up the tensile strain 
when the vertebral column is bent by the action of muscles, while the supra-spinous 
ligament also resists the tension set up by the weight of the head. It is supported by 
the neural spines whose backward slope in the anterior thoracic region enables them 
to transmit the pull, exerted by the weight of the head through the supra-spinous 
ligament, as a pressure strain to the centra ; similarly, in a tug-of-war the members 
of each team lean back, transforming the pull of the opposing team into a pressure 
transmitted through their bodies to the ground. The great height of the neural 
spines probably has the function of increasing the lateral area of the supra-spinous 
ligament to which some of the limb muscles are attached. 

The posterior thoracic vertebrae. These resemble the anterior thoracic vertebrae 
in bearing facets for the articulation of ribs, but (a) the facet is carried wholly on 
the anterior end of each centrum and is not shared with the centrum in front, ( b) 
the ribs do not also articulate with the transverse processes which, no doubt in 
correlation with this, are small. On the other hand they show, in the form and 
shape of the neural spines, in the presence of metapophyses (see below), and in the 
orientation of the zygapophyses, a backwardly increasing resemblance to the 

lumbar vertebrae behind them. . , 

The functional significance of the form of these vertebrae is discussed with that 

of the lumbar vertebrae. 


The lumbar vertebrae 

There are usually seven lumbar vertebrae, but if the anterior one bears a nb 

it is counted as an additional thoracic. 

Second lumbar vertebra. This vertebra will serve as an example. The neural 
spine is flattened from side to side and slopes forwards. The transverse processes 
are large, expanded distally, and slope downwards and forwards Arising on each 
side from the anterior end of the neural arch and also sloping forwards is a large 
process, the metapophysis, which bears the pre-zygapophysis on its medial aspect. 
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The strong post-zygapophyses project backwards from the posterior end of the 
neural arch and face downwards and outwards. A pair of smaller backwardly 
directed processes arising from the hinder end of the neural arch, below the post- 
z yg a Pophyses, are the anapophyses. The hypapophysis , a median ventral process of 
the centrum, is only found in the first two lumbar vertebrae, but is represented in 
the others by a ridge. 

The lumbar vertebrae are the largest in the body, increasing in size back to the 
sixth, while the seventh is a little smaller. 

Functional significance of the lumbar and posterior thoracic vertebrae. Locomotion in 

the rabbit is by a series of bounds in each of which the vertebral column is strongly 

flexed while the feet are brought far forwards ; then, as the feet push backwards, 

the vertebral column is straightened. Thus the spine with its muscles acts as a 

spring and plays in locomotion as important a part as the legs. The flexion and 

extension of the vertebral column occur mainly in the lumbar region but also in 

he posterior thoracic region, and are brought about by the great dorsal muscles of 
mis part ol tne body. 
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Fio. aoi. A lumbar vertebra of a rabbit. 
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Fig. 202. A diagram of the action of some of the muscles of the vertebral column ; the 
lines joining the stumps of the muscles indicate the directions of their pull. 


only one side contracts the animal curves with the concavity to that side, while, 
of course, less extensive curvatures are caused by contractions of more restricted 
regions of the muscle on one or both sides. It is the powerful contracdons of this 
system of muscles which straightens the spine when the rabbit makes its forward 
bound. The large size of the lumbar vertebrae, and of their various processes, 
reflects the magnitude of the muscles to which they give attachment and which 
act upon them, and becomes intelligible when the spine is considered as the 
mechanical framework on which the muscles act and in relation with the animal’s 
mode of locomotion. The forward slope of the various processes reflects the fact 
that they take the pull of muscles acting on them from behind, so that, once more 
like a tug-of-war team, they transmit the strain along their lengths, reducing the 
danger of fracture at their roots. 


The sacrum 

In contradistincdon to the flexible lumbar region, the sacral region is one of 
rigidity It consists of three or four vertebrae immovably fused together, forming 
a single bone, the sacrum, in which the lines of junedon on the vertebrae are never¬ 
theless discernible. The first or true sacral vertebra bears very ^rge transve^e 

processes *, probably reduced ribs, which are attached 

T to the ilia of the pelvic girdle ; through them, the push 

of the legs against the ground is transmitted to the verte¬ 
bral column. The neural spine resembles those in the 
lumbar region but is upright instead of sloping forwards. 
The metapophyses are small and the anapophyses absent. 
The zygapophyses, which lose their function with the 
sacrifice of mobility, are reduced. The remaining verte¬ 
brae of the sacrum become progressively smaller in the 
rearward direction. Their neural spines slope backwards. 
It is possible that they all have reduced nbs fused with 
them, but these form obvious ‘ transverse processes only 
in the second sacral vertebra, where they participate with 
those of the first in forming the abutments for the ilia. 

FlG ‘ of the rabbh CrUm AH the other processes are reduced. 
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Functionally, the two ilia and the first sacral vertebra form a single bone 
transmitting the strain from the legs to the vertebral column ; hence the rigid union 
of the three bones. In addition, they, with the other sacral vertebrae, form a solid 
base whence arise a number of important muscles, especially the great sacro-spinalis 
system, but also the flexors of the lumbar region and some of the limb muscles. 

A pair of foramina situated ventrally towards the posterior end of each sacral 
vertebra transmits spinal nerves, whose usual mode of exit between successive 
neural arches is blocked by the fusion of these structures. 

The caudal vertebrae 

There are about sixteen caudal vertebrae which decrease in size backwards, 
gradually losing all their processes and finally the neural arch as well, so that the 
last of them are merely rod-like centra. 


RIBS AND STERNUM 

The ribs, with the vertebral column and sternum, form a basket enclosing the 
thoracic viscera, and this has two functions ; protection of these viscera, and pro¬ 
vision of a framework upon which the muscles of breathing act. 

FC r rC tWC * Ve or thirteen P 3 * 1 ^ of ribs. The first seven are * complete ’ ribs 
extending from the vertebral column to the sternum. Each is a curved rod and is 
divisible into a longer vertebral portion which is bony and articulates with the verte¬ 
bral column and a shorter cartilaginous sternal portion which joins the lower end of 
the vertebral portion to the sternum. The cartilage makes for greater flexibility, 

- and therefore easier expansion of 

the thorax in breathing, than would 
be possible with a completely bony 
rib. 

The first nine ribs have each two 
articulations with the vertebral 
column, (a) The rounded proximal 
end, or capitulum, articulates with a 
facet borne half on one centrum and 
half on the centrum next in front. 

( \ A prominence, the tuberculum, 
articulates with the transverse pro¬ 
cess of the posterior of the two ver- 
tebrae which receive the capitulum. 
A little distal to the tuberculum 
there is on the first eight ribs a 
prominence to which tendons are 
attached. 

The lasthree ribs do not articu¬ 
late with the transverse processes of 
their vertebrae, and the capitulum 
of each articulates with a facet 
carried wholly on the anterior end 
ol the vertebra. 
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Fio. 204. Anterior view of the fourth thoracic 
vertebra with its rib. 
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The sternal portions of the eighth and ninth ribs do not extend as far as the 
sternum but are indirectly connected with it by the seventh, with which they are 
closely bound together. The last three ribs do not make even such an indirect 
connection with the sternum. 

In addition to the movably articulated ribs of the thorax, reduced ribs are 
fused with the transverse processes of the cervical and probably of the sacral 
vertebrae. 

The sternum is an elongated median bony rod in the ventral wall of the thorax, 
divided transversely into six sternebrae with which the sternal portions of the ribs 
articulate. The most posterior stemebra expands into a large flat plate of cartilage. 

THE APPENDICULAR SKELETON 

Pectoral girdle 

The pectoral girdle of the rabbit consists of two parts on each side : a tri¬ 
angular replacing bone called the scapulo-coracoid and a small membrane bone the 
clavicle. The scapulo-coracoid lies in the shoulder region with its apex pointing 
forwards and downwards and its flat expanse overlying the anterior ribs. The apex 
is expanded and bears the glenoid cavity which receives the head of the humerus. 
The short postero-dorsal side of the bone is fringed with cartilage which is 
sometimes called the supra-scapula. The lateral surface is divided by a high but 
narrow ridge of bone, the spine , into antero-dorsal and postero-ventral areas to 
which, as well as to the spine, muscles are attached. Near the apex of the scapulo- 
coracoid the spine ends in a pointed acromion and gives off a long downwardly 
directed spur, the metacromion. Overhanging the glenoid cavity is a little hook-like 
process, the coracoid , or coracoid process. The whole of the remainder of the bone is 
the scapula. The scapulo-coracoid is attached to other parts of the skeleton only 
by muscles and ligaments. Extending from the sternum to the head of the humerus 
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Fic. 206. Part of the human thorax to show the clavicle. 


is a ligament, and developed in this, occupying about the middle third of its leneth 
is the slender splint-like and vestigial clavicle. s ’ 

Comparison of this girdle with that of the frog (pp. 161-2) show that all the 
structures (coracoid, pro-coracoid and clavicle) which in the frog extend down from 
the glenoid cavity to the sternum are reduced or absent, the two halves of the 
pectoral girdle not being connected by any hard structure. Nevertheless these 
more ventral parts of the girdle are not wholly absent, for the coracoid process 
Tf ‘"^P^ently of the scapula and is really the coracoid and pro- 
coracoid reduced, fused with one another, and joined to the scapula, while^e 
have seen the clavicle to be present in a somewhat less reduced condition The 
function of bones or cartilages extending from the glenoid cavity to the sternum 

ven.rlT “ “'2? "“i* ^ of muscles 'winging the humerus mcdiall^and 
ventrally providing a firm fulcrum around which the moving arm is rotated 

Mammals vary m them power to make such movements. Some like man h ave 

except in the platypus and spiny ant-eater (pp. 231-2). d process 

Pelvic girdle 

(2) in having its ventral parts (pubes and^chiaf fuL deve^H ^ sacrum > 
another mid-ventrally As in the frocr It/r. •* Y developed and meeting one 

ilium, primitively die element risin. l^n ? ° f b ° neS ° n each side ‘ The 

bone extending forwards and at abo^t the Jddl^n! acetabul um, is a blade-like 

At its posterior end it for^ ^ut hSf ^S dtolv to 

ischium, whose anterior end forms about the 7 ? ly , . n ^ avc “‘^bulum. The 

continues the line of the HhLnbackwards TheTen^l ° f P th ' —W™. 

|S fonned by a small bone, the JyhUt, not fo^d fn fro* ' The 

condones downtvatds and 
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line to form the pubic symphysis. Posteriorly, each pubis meets the ischium of its 
side. Between pubis and ischium is the large obturator foramen which is not seen 
either in Cacops (pp. 162-3) or * n the frog. 

The mammalian pelvic girdle differs from the primitive form, as seen in Cacops , 
in the rotation which its parts have undergone. Instead of the three bones lying 
roughly transversely to the main axis of the body, the ilium has been rotated for¬ 
wards and the pubis and ischium backwards, so that the ilium and ischium lie nearly 
parallel with the vertebral column, the pubes form the whole of the symphysis, 
and the ischia are, so to speak, dragged away from it. The functional significance 
of this arrangement lies in the provision of large surfaces, anterior and posterior to 
the acetabulum, for the attachment of the great muscles moving the leg forwards 
and backwards and, in combination with the sacral vertebrae, for those which 
extend and flex the spine (p. 280). The ilium is attached to the sacrum, while the 
pectoral girdle is free from the vertebral column, because it is through the sacrum 
that the backward push of the legs is transmitted to the trunk, while in the fore¬ 
legs, which catch the animal when it lands from its hop, a certain springiness is an 
advantage. A part of the function of the muscles joining the scapulo-coracoid to 
the vertebral column is to act as springs and shock absorbers. 


The free limbs 

The mammalian stance. The free limbs of mammals differ from those of most 
lower forms in having been brought into a more vertical plane so that they lift 
the body clear of the ground. The posterior limb, contrasted with the position 
in Fig. 208, A, has been rotated forwards through 90° making its original pre-axial 
border (p. 165) medial. In the anterior limb the changes have been a little more 
complicated. The arm has been rotated backwards, making the pre-axial border 
of the humerus face laterally. If this were all, the pre-axial border of the fore-arm 
and hand, too, would face laterally, but its fingers would point backwards. 
This is avoided by rotating the distal end of the radius (the pre-axial bone of the 
fore-arm) across that of the ulna, bringing the hand with it, so that the pre-axial 
border of the hand is medial, the post-axial border lateral, and the fingers point 
forwards. In the rabbit and many other mammals the arm is fixed in this 
position, but some (including man) can perform the rotation at will. 

The arm. The humerus has a rounded head articulating with the glenoid 
cavity, and close to it a greater tuberosity on the outer, and a lesser tuberosity on the 
inner side. Between the two tuberosities is the bicipital groove. In its upper part 
the humerus bears anteriorly a ridge, the deltoid ridge. Drstally rt has a pulley-ldte 
surface, the trochlea, for articulation with the ulna, and medial to it a smaller 
capitellum for the radius. A deep depression in the posterior face of the humerus 
just above the trochlea is the olecranon fossa or posterior supra-lrochlear fossa, and on 
the face opposite to this is the anterior supra-trochlear fossa. The two fossae are 
joined by a hole through the bone, the supra-lrochlear foramen. 

Unlike the frog, the radius and ulna are not fused but are firmly adherent at 
their upper and lower ends. Proximally, the radius lies in front of the ulna, but 
distally is medial to it. The ulna is continued by the olecranon process which, when 
the arm is straightened, fits into the olecranon fossa of the humerus. The notch 
on the anterior aspect of the olecranon, into which the trochlea fits, is the sigmoid 

notch . 
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Fro. 907. Right half of the pelvic girdle, the right femur, right tibia-fibula, and right 
loot ol a rabbit. The pelvic girdle is shown in ventral, the others in anterior view. 
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phalanges 



Fig. 209. The skeleton of the right arm of the rabbit, humerus above, radio-ulna and 

hand below. 


In the carpal region the following bones are present : radiale, intermedium and 
ulnare, one centrale, and four distal carpals, but the fourth of these includes the 
fifth, which is fused with it. In addition, a sesamoid bone (p. 164), the pisiform, is 
found on the under side of the carpus. There are five metacarpals and five fingers 
with respectively 2, 3, 3, 3, 3 phalanges. 

7 he leg. The femur bears medially (pre-axially) a rounded head for articulation 
with the acetabulum, and just lateral to this a rough eminence, the great trochanter. 
A smaller projection, the lesser trochanter, is situated on the medial surface of the 
bone, just below the head, and a third trochanter is on the lateral face a little below 
the great trochanter. At its distal end the femur has a pulley-like articular surface 
made by two rounded condyles with an inter-condylar groove between them, for 
articulation with the tibio-fibula. The groove is continued a short distance up 
the anterior face of the femur but is here much shallower and is called the patellar 
groove because in it slides the tendon containing the patella or knee-cap. 

The tibia and fibula, although separate proximally, are fused distally, and are 
therefore known as the tibio-fibula. The tibia is much the larger bone ; at the 
proximal end the anterior face is raised into a sharp ridge, the cnemial crest, and the 
articular surface, together with that of the fibula, is grooved for the reception of 

the femoral condyles. „ , . , . , r™ „ 

In the tarsus, the libiale and intermedium are fused to form the astragalus. The 

fibulare, or calcaneum, is continued backwards behind the articulation with the 
tibio-fibula to form the heel bone. There is a single centrale (navicular) and 1 in_ the 
distal row the first distal tarsal is absent, the second (middle cuneiform ) and third 
(outer cuneiform) are small, while the fourth and fifth are fused to form the «W- 
There are four metatarsals, the first being absent, and four toes, the second to filth, 

each with three phalanges. 
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SKULL OF THE DOG 

It is convenient to study the skull of the dog rather than that of the rabbit 
because it is larger, is more typical of mammalian skulls in general, and is in 
several respects more like a human skull. 


Introduction j cartilaginous cranium 

The cartilaginous cranium is a roughly boat-shaped structure rising in front 
into a high prow but having very low side walls, and without a roof except at the 
posterior end. In addition, the prow is continued forwards by a vertical median 
plate of cartilage, the mesethmoid (see below). There is a much more extensive 
development of replacing bones than in the frog and much less of the original 
cartilage persists in the adult. In addition, there are more membrane bones and 
they are more solidly built into the skull, as integral parts of its structure, than in 
the frog. 

Where neighbouring bones meet one another without fusing, the boundary 
line between them, which is often very zig-zag, is known as a suture, and across this 
the bones arc joined to one another by strong connective tissue. In some regions 
of the skull the bones tend to fuse with one another, obliterating the sutures. 


Replacing bones of the cranium 

The rear wall of the cartilaginous cranium is pierced by the large foramen 
magnum ,, and the cartilage around this is replaced by four bones, the supra-occibital 
above the foramen, an exoccipital at each side, and the basi-occipUal in the floor. 
Un each side of the foramen magnum a rounded occipital condyle is borne by the 
exoccipital, which also gives off a downwardly directed paroccipital process. The 
basioccipital forms the flat floor of the cranium for a short distance forward from 
the foramen magnum. In front of it the floor of the cartilaginous skull is replaced 
by the basi-sphenoid and pre-sphenoid , bones whose true lateral extent is obscured 
because they are pardy covered by the pterygoid and palatine bones (see below). 

S nC Ph r e r d C0m , p es thc , a " terior cnd of the cranial floor, and in front of it 

Une 74 hn' a "'^ a8m “ US Sku11 f W ■<><= cribriform plate of the ethmoid 

bone. This bone closes the cranial cavity anteriorly and therefore lies between 

the brain and the olfactory organs ; it is caUed ‘ cribriform ’ (‘ sieve-like») because 

offarm™ Ced ^ “"S 7 ^ h ° leS throu S h which P** bundles of nerve fibres of the 
of ^ Rct , Un iV ng t0 the P° stenor end of the cranium, the low side walls 

^d m ° US L SkuU , 31-6 f cplaced b y a p^ of alisphenoids, which ventrally 

Membrane bones of the cranium 

r °» f “ “mple^ by membrane bones, 
which is wide behind but pointed in from. VZSfonh“^S 
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meeting one another in front of it, and forming a large part of the roof and side- 
walls of the cranium in its posterior region, are the parietals. In front of the pari- 
etals comes another pair of large bones, the frontals, forming the roof and walls of 
the more anterior parts of the cranium. The suture between the two parietals is 
raised on a low ridge of bone, the sagittal crest, best seen in big skulLs; this bifurcates 
anteriorly and the two arms diverge towards a process of the frontal projecting 
outwards and a little downwards and marking the posterior boundary of the orbit. 
It is called the supra-orbital process. A strong arch of bone, which extends on either 
side from the posterior part of the facial region of the skull to a position a little in 
front of the posterior end of the cranium, is the zygomatic arch. The orbit is bounded 
by the facial region in front, the zygomatic arch below and laterally, and by an 
imaginary line joining the supra-orbital process of the frontal with a corresponding 
process on the zygomatic arch. A small bone, pierced by a hole, in the anterior 
wall of the orbit, is the lachrymal. The hole is the lachrymal foramen , through which 
tears are carried away into the olfactory chambers. Behind the orbit is the much 
larger temporal fossa, bounded by the sagittal crest above and by the posterior part 
of the zygomatic arch below. Ventral to the parietals, an important part of the 
side wall of the cranium is made by the squamosal, which also provides the posterior 
part of the zygomatic arch. 

Sensory capsules and associated bones 

Auditory capsules. The cartilage of the auditory capsule is replaced on each side 
by a single bone, the periotic, which forms an integral part of the cranial wall. Only 
a small part, known as the mastoid portion, is visible externally, as a rough bony 
surface just lateral to the exoccipital and behind the squamosal, but more can be 
seen on the inner aspect of the cranial wall in a skull which has been sawed in 
half longitudinally. The part thus visible from within the cranium is the petrous 
portion which encloses the membranous labyrinth and consists of exceptionally hard 
bone. 

To either side of the basioccipital is a very prominent rounded hollow bone 
into whose cavity leads a large laterally-facing aperture. The opening is that for 
the external auditory meatus and the bone is the tympanic. It carries the tympanum. 
When, as in the dog, the tympanic forms a hollow capsule protecting the middle 
ear it is called the tympanic bulla. The tympanic is a membrane bone. 

The optic capsule is the sclerotic coat and cornea of the eye. 

The olfactory capsules and associated bones. The olfactory chambers are walled in 
by the hard palate below, the maxillae at the sides, and above by a pair of long, 
narrow membrane bones, the nasals, which extend forwards from the frontals and 
whose anterior ends make the upper boundaries of the external nostrils. The two 
olfactory chambers are separated from one another by the mesethmoid, or nasal 
septum. The mesethmoid cartilage is replaced by bone posteriorly but not anteriorly, 
where it remains cartilaginous. Below the mesethmoid, but above the hard 
palate, is a membrane bone, the vomer. This is a long narrow bone which has 
anteriorly the sectional form of a Y ; it stands on the hard palate with the meseth¬ 
moid resting in its trough, but more posteriorly the arms of the Y bend 1 over and 
reach the hard palate, while its leg shortens and loses contact with the palate. 
Thus the vomer roofs in the anterior part of the naso-pharyngeal passage, while 
allowing it to open into both olfactory chambers. 
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and a horizontal shelf from each meets its fellow in the mid-line and forms the 
anterior part of the hard palate. This is pierced pn each side by a large hole, the 
anterior palatine foramen. Behind the premaxilla comes on each side the maxilla 
which bears the remaining teeth. These very large bones form the side walls of the 
muzzle, or facial region and, sending inwards from each side a large horizontal 
shelf, provide the hard palate behind the premaxillae. The maxillae extend back 
to the boundary of the orbit. Posteriorly, just above the last molar teeth, the 
maxilla joins the jugal, a bone which helps to bound the orbit anteriorly and which 
posteriorly gives off a process constituting the anterior part of the zygomatic arch, 
whose posterior part is provided by the squamosal. Premaxillae, maxillae, jugals 
and squamosal are all membrane bones. 

In mammals the palatoquadrate cartilage has disappeared in the adult, except 
for a detached portion, the quadrate, which becomes an auditory ossicle, the incus 
(p.291), but the palatine and pterygoid membrane bones are present and important. 
In the dog, each palatine bone has three parts. One part forms the posterior section 
of the hard palate behind and between the maxillae. A second part continues on 
each side behind the hard palate, forming the anterior parts of vertical walls of bone 
which bound a groove through which in life passes the hinder end of the naso¬ 
pharynx, and extending on to the roof of the groove, covering all but a median 
strip of the presphenoid. The third part extends into the wall of the orbit and 
hides the junction between the presphenoid and orbitosphenoid. The pterygoids 
form the posterior parts of the above-mentioned bony walls, extend medially on 
to the roof of the groove, covering the lateral parts of the anterior end of the basi- 
sphenoid, and laterally partly cover the junction between the basisphenoid and the 
alisphenoids. 

In the lower jaw, Meckel’s cartilage is in the adult dog deeply buried in the 
single bone, the dentary (a membrane bone). The two dentaries form a symphysis 
anteriorly. Posteriorly, each has a process, the condyle, for articulation with the 
facet on the zygomatic process of the squamosal. In front of the angle a promin¬ 
ent, rather flattened, upwardly directed process for the attachment of some of the 
muscles closing the mouth, is the coronoid process. Below the condyle a small 
process is known as the angle. Only one replacing bone forms from Meckel s 
cartilage and this becomes one of the auditory ossicles, the malleus (p. 291). 

The hyoid and posterior visceral arches. The hyoid is a bone lying transversely 
between the two rami of the mandible and bearing anterior and posterior cornua. 


carnosslol tooth 

I conlnc 4 premolars 


3 



Fig. 211. Lateral view of the mandible. 
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Each anterior cornu consists of four short rods, of which the distal one fuses with 
the tympanic and periotic bones, so that it may be absent from prepared specimens. 
The posterior cornu is a short bony rod. 

The anterior cornu represents the hyoid arch of the dogfish, except for the 
hyomandibula whose fate is discussed below. The posterior cornua correspond 
with the first pair of branchial arches of the dogfish and it is thought that the 
cartilages of the epiglottis, larynx, trachea and bronchi are derived from the more 
posterior branchial arches. 


Auditory ossicles 

We have seen (pp. r 61, 177) that the columella of the frogis the hyomandibula 
of the dogfish, reduced in size and transformed into an auditory ossicle; it is less 
clear why the mammals should have three auditory ossicles, the malleus, incus and 
stapes (p. 272). The origin of these bones is elucidated by studies in comparative 
anatomy and embryology and is confirmed from the fossilised remains of the 
mammal-like reptiles and primitive mammals (p. 229). 

The stapes. The hyomandibula is the upper segment of the hyoid arch, 

whether it supports the jaws as in the dogfish or is an auditory ossicle as in the 

irog In the developing mammal a portion detached from the upper end of the 

hyoid arch becomes the stapes which, therefore, is the hyomandibula, an ear-ossicle 
as in tne irog. 

The incus and malleus In the frog the proximal end of the persistent Meckel’s 
cartilage articulates with the quadrate s 

_1*1* • . 1 . % a. *. 


and this with the auditory capsule ; the 
same is true in reptiles, except that in 
them a littlereplacing bone, the articular, 
forms in the posterior end of Meckel’s 
cartilage and makes the joint with the 
quadrate. In developing mammals the 
rear end of Meckel’s cartilage is at one 
time joined to the auditory capsule by 
a small cartilage (later to become a 
replacing bone) which, because of this 
relation with Meckel’s cartilage and the 
auditory capsule, is evidently a much 
reduced quadrate. Next, the piece of 
Meckel’s cartilage with which this 
quadrate articulates, becomes detached, 
and later ossifies. The bohe thm 
formed, because of its origin from the 
proximal end of Meckel’s cartilage, is 
evidendy the articular. Finally, the 
detached articular becomes the mal¬ 
leus, and the quadrate becomes the 
incus. Of the three ossicles, then, the 
stapes is the hyomandibula, the incus 

is the quadrate, and the malleus is the 
articular. 
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This embryological interpretation is confirmed by students of fossil reptiles. 
In the more primitive of the mammal-like reptiles, as in modem reptiles, the lower 
jaw was made up of several membrane bones, of which the dentary was one, while 
the connection with the cranium was through an articular and the quadrate to the 
auditory capsule. In later mammal-like reptiles the dentary enlarged, came into 
contact with the squamosal, and with it made a new joint connecting the lower jaw 
to the skull, the joint which we have seen in the dog. This new articulation de¬ 
prived the old articular-quadrate-auditory capsule connection of its jaw-supporting 
function, and in the more recent mammal-like reptiles the articular and quadrate 
were progressively transformed into the characteristic mammalian malleus and 
incus, just as is demanded by the facts of embryology in existing mammals. 

The apertures of the skull 

The wall of the skull is pierced by many foramina for the nerves, blood vessels 
and other structures. Some of the more important of these can be identified by 
reference to Fig. 210. 


THE RABBIT’S SKULL 

The skull of the rabbit does not differ in any fundamental respect from that of 
the dog, but there are differences in the proportions of regions of the skull and a 
number of other minor distinctions. 

In the rabbit, the facial part of the skull is relatively longer and the region 
behind the very large orbits much shorter than in the dog, while the temporal 
fossa, which is very large in the dog, scarcely exists in the rabbit, being represented 
only by a shallow depression above the zygomatic process of the squamosal. In 
the dog the medial walls of the two orbits are separated from one another by the 
anterior part of the cranial cavity, but in the rabbit the brain is displaced upwards 
so that the two orbito-sphenoids are brought into contact with one another and 
fuse to form a thin vertical plate, the inter-orbital septum, which is pierced by the 
conjoined optic foramina. 

Another point of difference is in the texture of some of the bones which in cer¬ 
tain parts of the rabbit’s skull are pierced by so many little holes that they have a 

lacy appearance. .... 

The arrangement of the nasals, frontals, parietals , and inter-parietal is much as in 
the dog, but the supra-orbital process is larger. At the posterior end of the roof a 
roughly square, table-like eminence is part of the supra-occipital. 

The tympanic bulla is continued upwards as_a tube enclosing the external 
auditory meatus. Much more of the periotic is externally visible than in the dog, 
forming a prominent bulge on each side between supra-occipital, exoccipital and 
tympanic. It gives off a process, the mastoid process, which is closely applied to the 
posterior aspect of the tympanic. A little behind and a little medial to the mastoid 
process is the paroccipital process of the exoccipital, also closely applied to the pos¬ 
terior wall of the tympanic. 

The basisphenoid does not form a suture with the basioccipital, but in ute is 
joined to it by cartilage. It is pierced, at about the middle of its length, by a ho e 
called the pituitary foramen, leading to a depression on the cranial floor in which lies 
the pituitary' gland. In life the pituitary foramen is closed by a membrane, in 
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The hard palate is a rather narrow bridge connecting the two halves of the 
upper jaw behind the anterior palatine foramina. The maxillae form approxi¬ 
mately the anterior half of the bridge, bear the premolar and molar teeth and 
form the posterior part of the diastema and the greater part of the side of the face, 
where they are greatly fenestrated. They also project into the anterior part of the 
orbit. The palatines, besides contributing to the hard palate, form practically 
the whole of the walls of the naso-pharyngeal groove. Anteriorly, they are 
plastered on to the medial aspects of the maxillae so as to suggest that they bear 
the molar teeth which are actually, of course, in the maxillae. The pterygoids are 
relatively smaller than in the dog but the hook-like processes in which they end 
are relatively larger. 

The squamosal is set somewhat higher in the cranial wall than in the dog. It 
gives off a long, thin, narrow, gently-curved process which runs backwards over the 
periotic, just dorsal to the external auditory meatus. By far the larger part of the 
zygomatic arch is formed by the jugal. 

The mandible differs in several respects from that of the dog. There is a long 
diastema, corresponding with that in the upper jaw. The condyle is set much 
higher than in the dog, well above the level of the teeth, and the coronoid process 
is much less prominent. The condyle in the rabbit is elongated parallel to the long 
axis of the skull, but in the dog transversely to it. Dogs crack bones but do not 
chew their food ; rabbits grind up their food by moving their mandibles in the 
fore and aft direction, not cross-wise as in us and (to a lesser extent) in dogs. The 
strength of the dog’s bite is given to it by its large masseter muscle, which runs from 
the zygomatic arch to the mandible, and by the temporal muscle which originates 
from the side of the cranium in the temporal fossa whence it runs to the large 
coronoid process. These muscles pull up the mandible, rotating it around the 
hinge-like condyle, and bones are broken like nuts in a nut-cracker. The rabbit’s 
jaws make, not a nut-cracker, but a mill. The mandible is pulled forwards and 
upwards by the masseter muscle which runs on each side from the maxilla above 
the molar teeth to the rear of the mandible, while the temporal pulls it backwards 
and upwards. The lesser importance of the nut-cracker-like rotation of the lower 
jaw around the condyle is reflected in the smaller temporal muscle and temporal 
fossa. 

The foramina of the rabbit’s skull are in several cases different from those of 
the dog. 


APPENDIX TO CHAPTERS XIX-XXI 

THE RAT 

For reasons of cost and convenience, some teaching institutions now practise 
the dissection of the rat instead of the rabbit. For their convenience, a brief 
summary is here given of the chief features, to be seen in dissection, in which the 

rat differs from the rabbit. „ t , 

External features. The rat has a long scaly tail. In the female, the excretory 

aperture is separate from, and anterior to, the vulva, at the tip of the clitoris. 

Perineal glands are found only in old males. 

Alimentary canal. The rat has no sacculus rotundus, no spiral marking on 
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caecum, which bears only an indistinct appendix, the colon is not sacculated, and 
there is no gall bladder : the pancreas has numerous ducts opening at different 
points into the duodenum. 

Thorax. The precaval vein leaves the thorax between the clavicle, which 
extends to the sternum, and the first rib. Most of the blood from the brain returns 
to the heart through the external jugular ; the internal jugular is very small. 
The azygos' vein is on the left side and opens into the left precaval. The sym¬ 
pathetic chain has a small additional ganglion between the anterior and posterior 
cervical ganglia, situated about two-thirds of the way from the former to the latter. 

Urino-genital system and its blood vessels. In the female rat the urethra passes 
through the clitoris and opens at its tip, independently and in front of the vulva, 
and there is no vestibule. 


An ovarian artery arises, on each side, from the renal artery, and supplies the 
ovary and Fallopian tube. A vesico-uterine artery arises from the iliac, gives off 
the vesical artery to the bladder, and continues along the uterus as the uterine 
artery. Anteriorly, it anastomoses with the ovarian artery. An ovarian vein 
drains the blood from each ovary and Fallopian tube, and opens into the renal 
vein. Blood is carried away from the uterus in a uterine vein, which joins a 
vesical vein from the bladder, forming a vesico-uterine vein which opens into the 
iliac vein. The ovarian and uterine veins anastomose. 

In the male rat, the Mullerian ducts form a large bilobed seminal vesicle 
(instead of the uterus masculinus of the rabbit). A coagulating gland lies in the 
concavity of each lobe of the seminal vesicle, a gland of the vas deferens where that 
duct joins the urethra, Cowper’s gland lies deep, at the base of the penis, and is a 
globuiar body attached to the urethra by a duct. The prostate gland is large, 
lobed and lies near the proximal end of the urethra. The spermatic arteries arise 
T r 1 ' renal artenes or dorsal aorta near these. The spermatic veins may enter 
either the post-caval or the iliac veins. The vesical arteries arise from the iliac 
artenes, and the veins open into the iliac veins. 

Other posterior blood vessels (both sexes). The dorsal aorta gives off a pair of iliac 

ahnvT wh / ci ;. COnUnUe ^ £S» ^ the femorals. Besides the arteries mentioned 

?J e ’ each . ,liac grves off an iho-lumbar to the dorso-lateral body wall, and two 
pelvic artenes running posteriorly in the pelvic region, one in the superficial 

STht 65 °\ ‘ VCn > b °A y WaU> ** 0ther dee P> on muscles of the do£al waU 

S • A SmaU CaUdal continucs the ^al aorta into t^e 

from th^dST 6 f V Tu aCC ° mpany lhc-e but d* caudal vein arises 

Uia“vdL d P post-caval a little in front of its bifurcation into the 
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MAN AND THE MAMMALS 

MAN A EUTHER 1 AN MAMMAL 

Whatever there may be in him which appears to differentiate him so markedly 
from other organisms, man is an animal. His multicellular structure, the organis¬ 
ation of his cells in the early embryo into ectoderm, endoderm and mesoderm, his 
possession of a true coelome, are summarised if we say that he is metazoan, triplo- 
blastic and coelomate. His hollow dorsal central nervous system, and the notochord 
and visceral pouches which are present in the embryo, place him in the phylum 
chordata. Within that phylum, the enlargement of the anterior end of the 
central nervous system as a brain, its enclosure in an endoskeletal skull, the presence 
of a vertebral column, of kidneys (instead of nephridia, as in Amphioxus, p. 98), 
and the development of a muscular heart, place him in the sub-phylum craniata. 

Among the classes of craniates (agnatha, pisces, amphibia, reptilia, aves, 
mammalia) a great many features place maji in the mammalia. Homoiothcrmy, 
the feeding of the young with milk from mammary glands, the complete division 
of the heart into right and left sides, the suppression of the right systemic arch, the 
possession of hair are included among these. 

The mammals are divided into three sub-classes. The first is the prototheria 
or monotremata, a group which includes only the duck-billed platypus ( Orni - 
thorhynchus paradoxus) and the spiny ant-eaters ( Echidna and Pro-echidna), strange 
creatures confined to Australia and New Guinea, in which the egg-laying habit, 
incomplete homoiothermy, and many structural features demonstrate a relation¬ 
ship to the reptiles, while their nourishment of the young with milk, their possession 
of hair, and other characters, prove that they are mammals. 

The second sub-class is the metatheria or marsupialia. It includes the 
marsupials, mammals in which eggs are not laid and in which the young begin 
their development in the uterus where the developing embryo receives nourish¬ 
ment from the mother by means of a ‘ placenta * (p. 4 * 7 ) of simpler type than is 
found in higher mammals. Intra-uterine life is short and the young born in a 
much less developed condition than those of mammals of the third sub-class, are 
kept in a pouch attached to the nipple of a mammary gland. 

The third sub-class is the eutheria or placentalia, which includes the w o 
assemblage of higher mammals, in which further development of the placenta is 
associated with a much more prolonged gestation than m the marsupiaL from 
which the placentals are also distinguished by their more 

and many details of skeletal and other structure. Man is evidently a member ol 
this group. 

CHARACTERISTICS OF MAN 

The outstanding characteristics distinguishing man from the great majority of 
other mammals are the following. 
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(1) Man’s intellectual power and his faculty of speech are his real distinctions. 

(2) The human brain is very large, its average volume in modern Europeans 
being more than twice that of the largest gorilla brain, and this although the body 
weight of the gorilla is much more than twice that of a man. In man, the brain 
accounts for i/50th of the total body weight, but in the gorilla for only about 1/200 
or 1 / 150th. The great size of the brain in man is almost entirely due to the en¬ 
largement of the neopallium and especially of an anterior part of it called the pre¬ 
frontal cortex which is much more extensive than in any animal. 

(3) The olfactory organs are much smaller and less elaborate, and the sense 
of smell much less important in daily life, than in most vertebrates, while by con¬ 
trast vision is exceptionally acute, and, partly because the orbit looks forward 
instead of laterally (making the fields of vision of the two eyes over-lap), Man is 
endowed with stereoscopic vision. In harmony with the condition of the sense 
organs, those parts of the brain especially related to the sense of sight are gready 
developed while those connected with the sense of smell are reduced. 

(4) In the skull the cranial region is immensely expanded by the relatively 
enormous brain, bulging it out so that the foramen magnum is beneath the skull 
instead of at its posterior end. The facial region is much smaller than in other 
mammals, (Figs. 210, 214) a reduction which follows from the small size of the 
olfactory organs and of the jaws and teeth, and is made more striking by the contrast 
with the great enlargement of the cranium. 

(5) Man stands upright and walks on his legs, his arms taking no direct part in 

locomotion. r 


(6) The hands and feet have five digits each and the limbs depart from the 
pnmiuvc pentadactyle pattern far less than do those of the majority of mammals. 

wbh ll/u C T C ° J graSpi r g by meanS ° fits thumb which » «* at a" angle 
with the other digits and can close towards them in such a way as to bring the pad 

of the humb into contact with those of the fingers. It is thus made possible, for 

Som’of P UP 3 Pm ’- a ^ WhicH fCW 3nima,S Can do * The a ™ h as great 
freedom of mo vemen t, swinging m all directions around the shoulder-joint and 
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the clavicle is present acting as a strut between the scapulo-coracoid and the 
sternum, supporting the humerus when the arm swings ventrally (p. 283). The 
distal end of the radius is free to rotate round the ulna so that the hand can be held 
with the palm downwards ( pronation ), or upward {supination). In contrast with 
the arm, the leg shows much less freedom of movement. This is seen in the big 
toe which cannot be opposed to the other digits as the thumb can to the fingers, in 
the inability of the tibia to rotate across the fibula and hence in the absence of the 
movements of pronation and supination, and in the comparatively restricted 
movement at the hip. This marked differentiation between the arm and the 
leg reflects their diverging functional specialisation : the arm for freedom 
of movement, the leg for stability in supporting the weight of the body and in 
locomotion. 


MAN'S RELATIVES AMONG THE MAMMALS 


Students of evolution have repeatedly noticed that when some evolving group 
has achieved a level of organisation which makes possible its colonisation of a new 
and varied environment, or the adoption by its members of a number of special 
and different modes of life, these tend in their further evolution to diverge and 
specialise, each becoming adapted more or less exclusively to some one particular 
set of circumstances. This is called radiating evolution and it has occurred several 
times in the major groups of vertebrates, including the eutheria, which have 
spread over almost the whole earth and into all its seas, occupying every possible 
environment and adopting multitudinous modes of life. To these environments 
and modes of life the evolving groups of eutheria became progressively more 
closely adapted, becoming structurally more and more differentiated from one 
another, until to-day they can be classified into a series of orders of which living 
representatives of a dozen or so still exist. 

The examination of these orders, both living and fossil, shows that, because of 
structural specialisations quite foreign to human morphology, nearly all of theni 
must be regarded as unrelated to man. For example, the high specialisation of 
bats as flying animals and of whales as oceanic swimmers obviously excludes either 
from any claim to close relationship with human ancestry. The members of only 
two orders display characters which suggest such a relationship ; these are the 


Primates and the Inseclivora. n A r .... 

The order primates includes the lemurs, a strange little beast called Tarsius, 

and the monkeys and apes. 

The lemurs are classified in the sub-order lemuroidea. They are tuny, 
arboreal and nocturnal animals. The larger lemurs are a little like cats, but 
lemurs differ from cats in the manner of climbing. Cats (and most other arboreal 
clawed animals) run on the branches of trees hanging on with die daws,, bull 
lemurs both thumb and big toe diverge from the other digits so that both hand 
and foot grasp the branches of the tree, as do our own hands when we climb. I he 

lemurs are regarded as the most primitive of the primates. 

Tarsius , the only member of the sub-order tarsioidea, is a little creature only 
as big as a two weeks kitten and is endowed with a disconcerting power of rotatmg 
its head so far that it can look almost directly backwards over its shoitider lt 
shows an interesting combination of primitive and specialised features. Although 
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Fic. 215. Lcfi, Tarsius (courtesy of Prof. John F. Fulton) ; right, Lesser Mouse Lemur 

(Microcebus murinus). 

strictly arboreal in its habits it moves about by hopping, and in the hind limb 
two of the tarsals (the calcaneus and navicular) are greatly elongated increasing 
the leverage and the length of time during which the feet are able to push against 
the substrate when the animal jumps. In this respect the hind legs of Tarsius and 
the frog resemble one another, an interesting example of ‘ convergent evolution ’ 
(m which similar environmental conditions or modes of life lead to the independent 
development of similar structures by animals which may be quite unrelated). 
While a considerable body of evidence suggests that Tarsius, and still more, some 
ol its fossil relatives, may be quite closely related to ancestors of the higher pri- 

-t> SUCh fcatures ;«? thls ver V specialised ankle region show that it cannot itself 
be such an ancestral form. 

and^p e e s t .i ird PrimatC Sr ° UP> ^ sub -° rder anthropoidea, includes the monkeys 

^ rly a11 £he are tree-dwelling animals. The characters uniting 

them concern especially the brain, skull, teeth and limbs. The brain is bi<* and 
becomes progressively larger in the order : lemuis, monkeys, apes enfarge 

™:r "“t; •'= n ‘ 

parendy not in the Inun, is stereoscopic (p. 304) **** ^ m0nkey5 ' but a P' 

fojtl™.™ ' aPC ’“ hm chimpanzee, prang-nan, sibbon . and c „ lai „ 
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Fig. 2 i 6. Left, a young gorilla ; right, a gorilla of about six years of age 


In the lemurs the cranium is scarcely more expanded than in other orders of 
eutheria, but in the apes is clearly caused to bulge by the enlargement of the 
brain, though its volume always remains far less than in man, Besides enlarging 
the cranium, the increasing size of the brain posteriorly causes a displacement of 
the foramen magnum which comes more and more to open downward, as in man, 
instead of backward as in other animals. The facial region shows little reduction 
in lemurs where it projects forward as a distinct muzzle, but in the apes it is con¬ 
siderably shortened though, because of the great size of the teeth and jaws, not to 


the extent seen in contemporary man. . . 

No lemur, monkey or ape is truly bipedal, but the higher apes, and especially 
the gorilla which spends much of its time on the ground, move about half-erect 
on their legs though generally using their arms for additional support. 1 e 
position of the trunk in apes walking on two legs is usually not vertical but sloping 
and the legs are bent at the knee. The limbs of primates are of course built on 
the pentadactyle plan common to all land vertebrates and, unlike those of the 
majority of mammals, they remain relatively unspeciahsed. Both hands and fee 
usually retain all five digits the distal phalanges of which nearly always tn *l n °* 
in a claw, but in a flattened nail. Both first fingers and first toes are oenerafly *° 
placed that they are opposable to the other digits, making the 
hand capable of grasping. The clavicle is complete extending from th e scapulo 
coracoid to the sternum, and the arm has considerable freedom of “ 

planes. The radius and ulna are not fused and the freedom of the radius to rotate 
round the ulna at its distal end gives the primate fore-arm the powers of pronation 
and supination (p. 298). The tibia and fibula are similarly separate from one an¬ 
other (except in Tarsius) but no rotation occurs and the foot is always pronate.■ » 

apes given to walking on two legs, and especially in the almost f "diffefeS tia ted 

there is an increased tendency for the foot to become more stron «^^S t £ d y 
from the hand, for not only is it forced to support the very considerable y 
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weight with but little assistance from the arms, but it must do so on the ground 
where there are no boughs which the opposability of the big toe might enable it to 
grasp. In accordance with its half-terrestrial habit, and half-erect gait, the gorilla’s 
foot shows in several respects a greater difference from the hand, and a closer 
resemblance to the human foot, than is seen in other apes. 

A comparison between the human features mentioned on p. 297, and the 
characters of the primates as just given, shows almost complete agreement. Further, 
as one passes from the lower to the higher primates, their resemblance to man 
becomes increasingly obvious and, in the great apes particularly, requires no 
special biological knowledge for its recognition. There are, of course, differences 
of proportion and emphasis, but man has no bone not also found in the skeletons 
of apes, no muscle and no nerve not also present in them, and even in his brain 
there is no important structure of which apes do not possess a smaller counterpart. 
By every principle of biological classification man is a member of the order pri¬ 
mates ; within that order he is probably most closely related to the great apes. 

The order insectivora is a group of small, mostly insect-eating mammals some 
of whose members are as specialised as any of those we have mentioned. One 
such is the mole, a creature whose underground life and mining activities are pro¬ 
claimed by structural peculiarities in almost every part, and another is the com¬ 
mon hedge-hog, which shares with the spiny ant-eater, the porcupine and some 
fishes a method of passive defence by means of an array of sharp spikes. But in¬ 
cluded also among the insectivora are the tree shrews (tupaioidea). These are 
small, active, arboreal animals, the smaller species running along the higher 
branches of trees, the larger on the lower branches and in the under-brush. The 
tree shrews retain a number of primitive vertebrate characters which most other 
mammals have lost and which are found elsewhere among mammals only in the 
primates. These characters include the possession of five fingers and toes, the 
thumb and big toe being freely movable and capable of opposition to the other 
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Fro. 217. A tree shrew (Tupaia belangeri lonquinia). 
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digits, and various characters of the skull and teeth. The tree shrews are regarded 
as the most primitive and least specialised of existing eutherian mammals. But 
besides these primitive features, hinting that they may not be very different from 
the common ancestors of all the eutheria, the tree shrews also show, especially in 
the brain, characters which cannot be regarded as primitive but which seem to link 
them with early stages in the evolution of the primates. The primate characters 
seen in the tree shrews, although in a rudimentary condition, include the enlarge¬ 
ment of the neopallium of the brain and of parts of the brain connected with the 
sense of sight, while those parts related especially to the sense of smell tend to be 
reduced. We find ourselves reaching the conclusion that these little animals, the 
most primitive of the insectivores, must be related to the most primitive of the 
primates, and therefore to our own most remote eutherian ancestors. 



CHAPTER XXIV 
FOSSIL HISTORY OF MAN 


If man is really descended from non-human primates it is to be expected that 
fossil forms would be discovered which would be intermediate in character be¬ 
tween these animals and man. Now the preservation and discovery as a fossil of 
the remains of a dead animal is always an extremely rare event. Usually, fossilisa- 
tion is brought about by the rapid burial of the carcass beneath the mud of a river, 
of a lake, or of the sea, and so occurs more readily in aquatic animals than in 
terrestrial ones, and least readily of all, perhaps, in arboreal forms. It is thus not 
surprising that primates are among the rarest of fossils and that no fossil witness 
has been found of many important phases of their history. Nevertheless, as more 
and more specimens are found of fossilised apes and men, the story begins to fill in 
and, if much remains to be learned, at least it is now certain that apes have existed 
which were more like men, and that men have existed which were more like apes, 
than any now living. 

The diagram on p. 454 represents the more recent phases of geological history; 
dates are given for some of the more important fossils but it should be emphasised 
that these arc very approximate and conjectural. In Miocene and Pliocene rocks 
of India and the Mediterranean sea-board there have been found fossil teeth and 
jaws of a group of apes known as dryopithecines after one of their members, Dryo- 
pithecus. It is unfortunate that no more complete remains have yet been dis¬ 
covered for in the teeth (structures which tell us more about a whole animal than 
any other hard part) they combine characters now found in the gorilla, chimpan¬ 
zee and man. It is likely that a common ancestor of the higher apes and man was 
a dryopithecine. 


Next we come to three important South African fossils, the Taungs skull 
{Australopithecus), the Sterkfontein skull (Plesianthropus ), and the Kromdraai skull 
{Paranlhropus ), which arc all closely related to one another and which probably 
lived one to several million years ago. They are known collectively as ‘ Australo- 
p^thecInes. , The cranial capacity and the large size of the jaws and teeth of these 
creature were ape-like, but in many other characters the skulls were man-like, 
whde the teeth have been claimed as man-like (apart from their size), and as 
ape-hke, by different authorities. They are probably best regarded as more 

7 ° S< r! y [ ekte ^. . man than to ^ting apes. Such a conclusion is supported by 
the limbs, which in general characters were man-like while showing indications 
of simian relationslnp. There is little doubt that the Australopithecines could 

1 ^ ve^ nmh h? PP r Ximate y T ight ’ but less P erfectl y so than modem man. 
It is very probable that among this group of animals was the form whose later 

evoluuonary changes transformed it into man. 

The oldest known human remains come from Java and consist of several skull 
caps, jaws and femora. The deposits in which diey are found show S A«e 

Th V e e v st m H hC Ple “ period, about ZtVJZ 

years ago. They stood erect, as the form of the thigh bone shows ; but the ex- 
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tremcly low vault of the cranium and the big eye-brow ridges were ape-like. The 
facial region of the skull was less reduced than in modern man, the jaws projected 
more, and there was no chin. The teeth were large but in general of human 
character though retaining some ape-like features. The cranial capacity was 
about goo c.c., which is intermediate between the average in modern Europeans 
(1350 c.c.) or in modern primitive races (1200 c.c.) and in apes (about 520 c.c. in 
the gorilla). The general character of the brain, as inferred from the skulls, 
appears to have been human and the parts related to the faculty of speech were 
present. These Javanese creatures were undoubtedly men, though men of a 
very primitive sort, and in classifying them they were separated from modern man 
into the genus Pithecanthropus, meaning ‘ ape-man ’, and were given the specific 
name crcctus. 

Another group of fossilised human remains comes from the neighbourhood of 
Pekin (Pci-ping) in China and are only a little less ancient than those of Pithecan¬ 
thropus erectus. They have been given the name Sinanthropus pekinensis. Pekin man, 
who is better known than Pithecanthropus, was very like the Javanese man. He is 
known to have used fire and crudely prepared tools, and is under strong sus¬ 
picion of cannibalism. The skulls have cranial capacities of from 950 to 1200 
c.c., indicating that they had contained brains somewhat bigger than were 
possessed by Pithecanthropus and which at their largest overlapped the range of 
brain size found in modern man. Most of the specimens show suggestions of a 
chin. 

The man called Eoanthropus dawsoni is known from remains once believed to 
be as ancient as those of Pithecanthropus, but now known to be not more than 
about 100,000 years old. Eoanthropus means ‘dawn man* and dawsoni com¬ 
memorates his discoverer. The remains of the dawn man were found at Piltdown 
in Sussex and consist of the greater part of a skull. The bones are very thick, 
like those of the skulls of the Javanese and Chinese ape-men ; but the forehead 
and vault of the cranium are much higher and essentially human. The eye-brow 
ridges, which are very large in the ape-men, are in the dawn man scarcely more 
developed than in modern Europeans. The cranial capacity was about 1350 c.c., 
a figure within the range of modern races and of course much larger than that 
of Pithecanthropus. The mandible is much more ape-like than the rest of the skull 
and has no chin ; but it is just possible that it does not belong to the skull close 
to which it was found. 

The suggestion has been made that two distinct branches of the human 
evolutionary tree may have diverged from a single stem, perhaps the group of 
dryopithecine apes. In one of these lines the skull retained its low forehead 
and vault and its heavy eye-brow ridges and although, as we shall see, the brain 
enlarged, its pre-frontal cortex remained comparatively small. This is the 
‘ palaeo-anthropic ’ branch, that of the old-style men, so-called because of its 
retention of these ape-like features, and because none of its descendants survive 
to-day. In the other, or ‘ neanthropic ’, branch, the line of men of the new style, 
whose oldest known specimen is the dawn man and whose most recent is our¬ 
selves, the skull became like that of modern man, with high forehead and vault, 
and eye-brow ridges reduced or absent, while the frontal cortex of the large brain 

was strongly developed. . , 

We must now turn to a considerable series of human remains classified together 
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as of the Neanderthal race, after a cave in the valley of the Neander River in the 
Ruhr district of Germany, where a specimen was found in 1856. Since then more 
specimens have been found in various parts of Europe and related forms in Palestine 
and Siberia. 

The general appearance of the skull of Homo neanderthalensis is ape-like, for the 
forehead recedes, the cranial vault is low and the eyebrow ridges big. The 
brain, however, is large and its cranial capacity of 1550 c.c. equals or exceeds that 
of modern Europeans ; but the capacity is deceptive, for the frontal lobe of the 
brain which in ourselves is believed to give us our intellectual powers, remained 
comparatively small. The face of Neanderthal man was large and long in pro¬ 
portion to the brain case, and the jaws projected. The teeth were human in 
type but most individuals had no chin. Although the stature was not much 
above five feet four inches, the Neanderthalers were powerful men with strong 
clumsily built limbs and barrel-like chests. They probably walked with a stoop 
on bent knees. They made flint tools with great skill and they buried their dead. 

Neanderthal man was evidently of the palaeoanthropic type and was probably 
descended from such forms as the ape-men of Java and China. First known in the 
latter half of the Pleistocene, it was formerly considered likely that he died out 
during the last ice-age and left no descendants, for his fossils suddenly disappear 
from Western Europe and their place is taken by those of quite a distinct kind of 
man with a new and different culture. This new kind of man was of the ‘ Cro- 
Magnon ’ race of our own species, Homo sapiens, who is more like the dawn man of 
the Weald than he is like the Neanderthalers, whom he very possibly killed off. 
On the other hand, in the neighbourhood of Mount Carmel in Palestine much 
evidence has been found of inter-breeding between Cro-Magnon and Neanderthal 
man. Homo sapiens seems to have arrived in Europe perhaps forty thousand years 
ago during the last retreat of the great glaciers of the ice age, having migrated hither 
from some other part of the world, possibly from somewhere in Asia whence in 
later days so many other tribes and races were to sweep over Europe. Many of the 
new people were tall, some being six feet or more in height. The skull was of the 
modern neanthropic type with high forehead and vault and no eyebrow ridges. 
The chin was well formed and the face as reduced as in ourselves. The cranial 
capacity was high, in some higher than in modern Europeans, and in the large 
brain the frontal region was as well developed as it is in us. 

Although by no means all the known fossil men and apes have been mentioned 
here, it is evident that we cannot yet write the full history of man. But new 
fossils are found from year to year and bit by bit the long and complex story of our 
species builds itself together. At any rate, the evidence is sufficient to show quite 
conclusively that there has been a story, and that the length of our history spreads 
into hundreds of thousands of years, stretching right back to early Pleistocene and 
perhaps to Pliocene times. It is not for a text-book of Biology to say whether 
man’s destiny is to live with the angels, but certainly he was born with the apes. 
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PROTOPLASM AND THE CELL 
STRUCTURE OF PROTOPLASM 

We have earlier described protoplasm as the material in which life occurs, and 
we have seen that it is a mixture of many different substances of varying complex¬ 
ity, among which predominate the very complex proteins. Not only are there as 
many different protoplasms as there are different kinds of cell, and several kinds 
in each cell ; but it is also characteristic of protoplasm to be continually changing. 
Respiration, assimilation, excretion, and the performance of various kinds of 
work proceed continuously, and involve unending changes in this most labile and 
yet stable material. It is labile because it is always in process of change; it is 
stable because whatever the changes which may occur in it, it always tends to 
return to a state of structural and physiological equilibrium. * Plus 9a change, 
plus e’est la meme chose ’ is better said of protoplasm than of history. 

The cytoplasm of Amoeba, it will be remembered, is divisible into an apparently 
clear and homogenous ectoplasm and an endoplasm which looks granular with, 
between the granules, a ground substance resembling the ectoplasm. In some kinds 
of cell the whole cytoplasm appears perfeedy homogeneous, like the ectoplasm of 
Amoeba ; but it is usually possible, by special methods, to show that the homo- 
geneity is only apparent, and that, at or just below the limit of microscopic 
vmbihty, the cytoplasm has a structure like that of the endoplasm of Amoeba, 
though the granules may be very much smaller. This visible or almost visible 
structure is believed to be an emulsion, a suspension of droplets of one liquid in 
another. The droplets, being isolated from one another by the other liquid, 
are known as the disperse phase, while the fluid in which they float is the continuous 
phase. It is thought that in protoplasm the droplets consist of substances like fats 
which are not nuscible with the watery continuous phase, or of water-soluble 
substances with a thin covering of fat or other water-insoluble material. 

i his picture of protoplasm expresses its presumed structure at about the limits 
of microscopic visibility, but recent investigations seem to show that at least the 
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a simple emulsion of liquids is inadequate, is the fact that it is organised : in proto¬ 
plasm a great many very complex chemical and physical changes occur in an 
orderly manner and without interfering with one another, a state of affairs which 
seems to require some much more complex structural foundation. 

Whether protoplasm should be regarded as solid or liquid, its viscosity (the 
converse of fluidity) can certainly change within wide limits, as in pseudopod 
formation in Amoeba where the cytoplasm so readily alternates between the ‘ gel ’ 
and ‘ sol ’ conditions (p. 4-5) and back again. It is probable that all protoplasm 
has this power and it is certain that such changes accompany many of the charac¬ 
teristic events occurring in living material, as in cell division, or in contraction, 
whether of a muscle fibre or any other cell. Now, this can happen in some emul¬ 
sions, as when cream (droplets of fat dispersed in water) becomes butter (droplets 
of water dispersed in fat), but there is no evidence that the disperse and continuous 
phases of protoplasm ever change places in this way. 

It seems likely that a hint at the kind of structure which enables protoplasm 
thus to combine solid and liquid properties and to alternate between more solid 
and more liquid conditions may be found in the study of jellies. A solution of 
gelatine in water can change from liquid to solid and back again, as protoplasm 
can. The physical investigation of jelly structures indicates that they consist of an 
extremely fine network of long, narrow fibrils, of much less than microscopic size. 
The fibrils are semi-rigid, elastic and only loosely joined to one another so that they 
easily separate and become joined again. In the case of gelatine, they are either 
the protein molecules themselves, or aggregates of them. Between the fibrils of 
the network is water, and it is likely that the water too, contains fibrillar molecules 
momentarily detached from the network. When the attachments between the 
fibrillar molecules or their aggregates are so loose as to be easily broken a jelly has 
liquid properties. A flowing jelly, does not, however, resemble a stream of water 
with a lot of sticks floating freely in it. Even when flowing the fibrils form a 
reticulum, but one in which attachments between fibrils are constantly being 
broken and as rapidly formed again. Under certain conditions, as when gelatine 
is cooled, the attachments between the fibrils of the reticulum become firmer, so 
that flowing becomes impossible, and the jelly ‘ sets ’ as a more or less rigid solid. 

There is some evidence suggesting that in fundamental structure the con¬ 
tinuous phase of the protoplasmic emulsion may consist of just such a fine, labile, 
reticulum of fibrils, made chiefly of protein, but doubtless with many other sub¬ 
stances more or less intimately joined to the protein molecules, and with the meshes 
of the reticulum filled with water containing in solution salts, organic materials 
like sugars, protein molecules detached from the reticulum, and much else besides. 
Living protoplasm sometimes has, under the microscope, a fibrillar appearance, 
particularly when stretched, and there is an interesting fact about the curious 
organisms called myxomycetes. These are great sheets of protoplasm, often several 
inches across, containing many thousands of nuclei, but not organised into cells 
and having no cell-walls. They flow about rather like enormous Amoebae 11 a 
myxomycete is forced through a very fine sieve it is killed ; but if no force is 
exerted it successfully passes through the pores of a sieve considerably finer than 
would kill it if it were forcibly pressed through. The most likely explanation o 
this paradox is that the myxomycete protoplasm has a fibrillar structure and tha 
it can traverse the pores of the sieve if its fibrils are arranged to pass through them 
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endwise ; but if it is forced .through, the fibrils are driven up against the sieve in 
any helter-skelter order, and are shattered as they are driven into the pores. At 
this damage to its fundamental structure, the protoplasm dies. One estimate of 
the dimensions of the fibrils in myxomycete protoplasm gives them a diameter of 
5 x io _s mm. and a length 2000 times this. 

Very provisionally, then, (since the fundamental structure of protoplasm is a 
field in which research is only beginning to make real progress) we may suppose 
the structure of protoplasm to be somewhat as follows : ( a ) at the microscopically 
visible level it is an emulsion, whose droplets are either fat or fat-like, or else pre¬ 
vented from mixing with the continuous phase by their possession of a fatty coat 
which is immiscible with water, (6) the continuous phase has, below the level of 
microscopic visibility, a fibrillar-reticular structure, consisting chiefly of proteins, 
which gives to the protoplasm its combination of liquid and solid properties, and 
confers upon the protoplasm its organised quality, (c) in the interstices of the 
fibrillar network, is a watery solution of salts and other substances. 


THE CELL MEMBRANE 

Every cell is demarkated from its environment by a surface membrane or cell 
membrane. This structure, which is of course quite distinct from the cellulose cell- 
wall by which plant cells are invested, is a part of the living protoplasm of the cell. 
Since everything which passes into or out of a cell must cross this membrane, its 
properties arc of evident importance, especially its degree of permeability to water 
and substances in solution. 

Surface membranes are usually freely permeable to water but are more or less 
impermeable to many solutes ; such membranes are said to be semi-permeable. 
Their properties are further treated on pp. 466-467. They are clearly never 
wholly impermeable to all solute^, for if they were the cell would die, but display 
selective permeability, allowing some substances to pass across them while prevent¬ 
ing the passage of others. The structure of these membranes is far from under¬ 
stood, but there are a number of theories in the field. One of these suggests that 
the membrane is composed of fats or fat-like substances, and supports this sugges¬ 
tion with the fact that fatty substances, and substances soluble in fats (or in which 
fats are soluble) readily penetrate cell membranes while fat-insoluble substances 
cross the membrane with much greater difficulty. Another theory likens the 
membrane to a sieve, pointing out that it is more readily passed by substances 
with small molecules or other particles, than by those of larger particle size, and 
suggests that the membrane consists of proteins, advancing reasons why it may be 
supposed that such a membrane would act like a sieve. Recent views combine 
ffiese different contentions and suggest that fatty materials and proteins both take 
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the protoplasm against the large central vacuole, are others. In addition to these, 
it is extremely probable that temporary membranes are formed and dissolved, 
in the cytoplasm, as they are required for walling-off reactions going on in it. 


STRUCTURE OF THE ANIMAL CELL 

Cytoplasmic structures 

We have hitherto spoken of the cytoplasm as though it lacked any micro¬ 
scopically visible structure other than the droplets, or granules, visible in such cells 
as Amoeba. Actually there are, lying in the 1 ordinary ’ or undifferentiated cyto¬ 
plasm, various other structures to which some reference must be made. These 
can be very roughly, and rather inaccurately, classified into two groups : organelles, 
and metaplastic inclusions. 

Organelles bear to the cell a relation similar to that borne by the organs of a 
multi-cellular body to the whole body. They are structurally specialised parts of 
the cell which perform some particular function ; but in many cases we do not 
know what the function is. 

Important organelles found in all, or nearly all, animal cells are the cenlriole, 
the mitochondria, and the Golgi apparatus. 

The cenlriole is a tiny granule, or two granules lying close together, found in the 
cytoplasm of animal cells which are capable of dividing, but which is absent from 
cells which have become so specialised as to be incapable of division, like nerve 
cells or muscle fibres. It is often surrounded by a spherical zone of somewhat 
specialised cytoplasm called the centrosome. The centriole will be mentioned 
again (p. 316). 

Mitochondria are found in all cells, both animal and plant. They are granular 
or filamentous bodies which may be present in considerable numbers (up to several 
hundreds). Filamentous mitochondria have been seen to perform slow writhing 
movements. Nothing is certainly known of their function, but it has been sug¬ 
gested that they may be concerned in the synthesis of special substances like 

enzymes, or be involved in protein synthesis. _ . 

The Golgi apparatus, seen in suitably fixed and stained cells, is a curious little 

structure often resembling a 

■Golgi apparatus network, usually found near the 

nucleus. It is sometimes granu¬ 
lar. Nothing is known about 
its functions. 

Many other organelles, such 
as the contractile vacuoles, 
myonemes, trichocysts, cilia, 
and other structures in proto¬ 
zoa, the myofibrils of vertebrate 
muscle cells (p. 340), and among 
plant cells, the chloroplasts and 
other plastids, are found in 
great variety in specialised cells 
of various sorts. 
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F10. 220. A diagram of the chief structures in 
an animal cell. 
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name given to bodies formed in the cytoplasm as results of metabolic activity, and 
thus includes various substances like the starch grains and aleurone grains of 
plants, and droplets of fat and glycogen in animal cells, all these being reserves 
of food material. Among metaplastic inclusions are also to be reckoned droplets 
of various substances formed by gland cells, like the mucigen produced by mucous 
cells and which in contact with water is converted into mucin. 


Nucleus 

The nucleus is of capital importance in the life of the cell, for the cytoplasm 
cannot long survive its absence ; the same is true of the nucleus when deprived of 
cytoplasm.. 

The significance of the nucleus is not confined to its physiological functions 
in keeping the cell alive ; we shall see (Chap. XXXVI) that it is also of paramount 
importance in the transmission of the inheritance from one generation to the next, 
and from each cell of an organism to the daughter cells. 

The nucleus is usually spherical or oval but in exceptional cases it may have 
other forms. It is bounded against the cytoplasm by the nuclear membrane, 
which is a true morphological structure, and not merely the meeting-place of 
two immiscible substances. In most cases, the nucleus of the living cell is perfectly 
transparent and appears almost structureless ; the only visible structures are one 
or two more or less rounded and transparent bodies called nucleoli. In cells 
which have been fixed and stained, however, there is usually to be seen a delicate 
and irregular network of very fine threads upon which are here and there deposited 
granules of a substance called chromatin. Since this network is not visible in the 
unstained cell, in which it cannot be revealed by any known method, it is an 
artefact, a structure produced by the chemical or physical effect of reagents used 
in making preparations. This is not to say that the substances of which it is com¬ 
posed have no real existence but only that in the living cell they are present in a 
different condition from that in which they are seen after fixation and staining 
Chromatin, in particular, is a material of the greatest possible importance for it is 
intimately concerned with heredity and the development of the individual The 
hquid part of the nucleus is known as the nuclear sap. There are some grounds 
for thinking that the nuclear sap may have a sub-microscopic structure essentially 
resembling that of the cytoplasm, an extremely fine reticulum of fibrils. 


STRUCTURE OF THE PLANT CELL 
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CELL DIVISION 

Since every multicellular organism begins its existence as a unicellular ovum 
or spore, it follows that during development there must be a multiplication of cells. 
This always occurs by cell division ; every cell in existence has been formed by the 
division of a pre-existing cell, and every nucleus in existence by the division of a 
pre-existing nucleus. 

Cells divide in either of two ways : by mitosis or by amitosis. The first is much 
the commoner. These terms strictly refer to the division of the nucleus rather than 
to that of the cytoplasm. 

MITOSIS IN ANIMAL CELLS 

An animal cell when about to divide generally becomes more or less spherical 
and thereafter remains so until towards the end of the division of the nucleus. The 
details of mitotic division of the nucleus vary in different cases but the funda¬ 
mental event is always the same ; this is the qualitatively and quantitatively equal 
division between the daughter cells of the most important materials and structures 
which the nucleus contains. 

Mitosis, though in reality a continuous process, is conveniently divided into 
four stages called prophase, metaphase, anaphase and telophase. 

Prophase 

In prophase the event of outstanding importance is the appearance in the 
nucleus of a number of bodies called chromosomes which stain deeply with certain 
biological dyes (p. 350). While the chromosomes are appearing any nucleoli 
which may have been present disappear. When the chromosomes first become 
visible they are usually elongated, thread-like bodies but they may be rounded or 
have other forms, and they are scattered irregularly through the nucleus. Later 
in prophase they become shorter, thicker and more densely staining, while at the 
same time arranging themselves around the periphery of the nucleus, close beneath 
its membrane. Each chromosome is, from its first appearance, divided longi¬ 
tudinally into two halves called chromatids and the pairs of chromatids are united 
by a structure called (for reasons which will become apparent) the spindle attach¬ 
ment. The spindle attachment may be situated at about the middle of the length 
of a chromosome or nearer one end. 

Meanwhile the centriole divides into two and the daughter centrioles move 
apart. As they separate, there appears in the cytoplasm around each a structure 
which in stained preparations resembles a star-like system of radiating fibrils, an 
appearance probably caused by gelation in the cytoplasm, elongate protein mole¬ 
cules arranging themselves in a radiating manner around each centriole. These 
structures are called asters. The lines radiating from each centriole towards the 
other combine to form a spindle-shaped system of apparent fibrils by which the 
two asters are connected. 
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When the chromosomes have arranged themselves beneath it, the nuclear 
membrane disappears. This marks the end of prophase. The nucleus is now 
represented only by the chromosomes and the nuclear sap. 

Metaphase 

After the dissolution of the nuclear membrane the two asters come to lie at 
opposite poles of the region hitherto occupied by the nucleus (and now by the 
chromosomes and nuclear sap), and the spindle-shaped structure connecting the 
asters lies across this region. The spindle is now greatly enlarged by the nuclear 
sap which gelates around it. The asters and spindle (the greater part of which is 
formed from the gclated nuclear sap) are called the achromatic figure because it stains 
only lightly with biological dyes. The chromosomes are now arranged around 
the equator of the spindle to which each is attached by its spindle attachment. 
Each spindle attachment divides into two, so that each chromosome now consists 

nucleor membrone 
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Fio. 221. A diagram of mitosis in an animal cell with two pairs of chromosomes. 
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of two chromatids separately attached to the spindle. When the chromosomes 
are arranged around the equator of the spindle they are said to constitute the 
equatorial plate with whose formation metaphase ends. 

Anaphase 

In anaphase there occurs the process for which both prophase and metaphase 
have been preparing the way : the separation from one another of the two chromatids 
of each chromosome. This begins at the spindle attachments which behave as 
though the two halves of each repelled one another, the attachments of the 
two chromatids of each chromosome moving along the spindle towards opposite 
poles. As they move away from one another the chromatids of course follow 
them. When the two chromatids of a pair have completely separated, the chromo¬ 
some of which they were the halves has divided, and the two chromatids are now 
themselves called chromosomes. In a late stage of anaphase, when the daughter 
chromosomes are well on the way from the equator of the spindle towards the 
poles, the equatorial part of the spindle elongates, pushing the two groups of 
daughter chromosomes further apart and so completing their separation. When 
this has occurred, and when the daughter chromosomes have come close to the 
ends of the spindle, anaphase is at an end. 

Telophase 

In the last phase of mitosis the asters disappear as the cytoplasm of which they 
arc formed returns to the sol condition. At the same time a nuclear membrane is 
formed around each group of daughter chromosomes. The chromosomes them¬ 
selves disappear, passing into the ‘ resting ’ phase. Each chromosome, when it 
disappears in telophase, is a single thread, not yet divided ; its division into two 
chromatids, in preparation for the next mitosis, occurs during the resting phase. 
The elongated equatorial part of the spindle may persist for some time after the 
asters and chromosomes have disappeared. 

Although the chromosomes are usually invisible in ‘ resting ’ nuclei (i.e. nuclei 
that are not dividing) an overwhelming mass of evidence shows that they do in real¬ 
ity persist between divisions but in a physical condition which makes it impossible 
to stain them. 

The division of the cytoplasm usually begins during anaphase, the cell elongating 
and being cut into two by a circular furrow. Each daughter cell contains one of 
the daughter nuclei and finally resumes the character proper to the cell when not 
dividing. 

MITOSIS IN PLANT CELLS 

Mitotic division of the nucleus in higher plants does not differ in any essential 
respect from the process just described in animals. There is usually no centriole 
and no asters, but the behaviour of the spindle, nuclear membrane, and chromo¬ 
somes is as in animals. The cleavage of the cytoplasm, however, is carried out in a 
different manner. While the daughter nuclei are forming in telophase the 
achromatic spindle becomes barrel-shaped and may extend at its equator right 
across the equator of the cell. Next, the middle lamella (p. 183) of the new cell wall 
is deposited across the equator of the spindle. Later, each daughter cell deposits 
cellulose upon the middle lamella. 
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F:c. 222. Mitosis in meristcmatic cells of the root-tip of the onion (Allium Ctf,a). A a 
resting cell ; B, prophase ; C, metaphase ; D, anaphase ; E, telophase ; the new cell 
wall forming across the spindle ; F, the daughter cells. Except for the new cross-wall 
the cell walls are omitted (after Belar, from Bower). 


THE SIGNIFICANCE OF MITOSIS 

We shall see in Chapter XXXVI that chromosomes contain sub-microscopic 
bodies called genes. It is known that the genes are intimately connected, causally , 
with the development of the individual. If, for example, a human zygote has in its 
chromosomes certain genes, the individual which develops from that zygote will 
have brown eyes, but blue eyes if certain other genes are present instead. In more 
general terms, every inherited characteristic which an individual displays has been 
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and all the cells of plant gametophytes, contain only a single set of genes and 
chromosomes, is described on pp. 435-437. 

The actual number of chromosomes present in the cells of different organisms 
varies. Most commonly it is betweeen twelve and thirty-six in the somatic cells ; 
in man it is forty-eight, twenty-four in each gamete. 

A MITOSIS 

Division by the much simpler process called amitosis occurs in many protozoa 
and probably in some of the tissue cells of multicellular animals. Except among 
the protozoa it is, however, exceptional and it has probably been erroneously 
reported in a good many cases in which it does not really occur. In amitosis all 
the complexities of mitotic division are omitted, there is no achromatic figure 
and no chromosomes appear, the nucleus merely constricting into a dumb-bell 
or hour-glass form and then dividing into two. 



CHAPTER XXVII 


VERTEBRATE TISSUES 

Multicellular animals and plants are built up of cells arranged in tissues and 
these are put together to form organs. The study of tissues is histology. 

Tissues are multicellular structures but, besides cells, they also contain inter¬ 
cellular materials. These may be liquid, as in blood and lymph, hard and stony 
as in bone, soft but fibrous as in areolar connective tissue, and may be present in 
large or small quantities. Further, a tissue may owe its functional character to 
its intercellular materials rather than to its cells (as in bone), or to its cells rather 
than to its intercellular materials (as in epithelia). Finally a tissue is not an un¬ 
ordered assemblage of cells and intercellular materials, but an organised struc¬ 
ture, so put together and arranged, and so integrated with other parts of the body, 
that some particular function is performed. 


EPITHELIAL AND GLANDULAR TISSUES 

Epithelia 

It is characteristic bf epithelial tissues : (i) that they cover the surfaces of the 
body, whether external or internal ; thus they form the epidermis of the skin and 
both clothe the outer surfaces and line the internal cavities of the alimentary canal 
and other internal organs ; (2) that they consist almost entirely of cells which are 
in close contact with one another, with very little intercellular material between 
them, while the tissue functions directly by the activity of the cells. 

Epithelia can be divided into simple and stratified kinds. 

Simple epithelia consist of only a single layer of cells. We raav distinguish simple 
columnar, simple cuboidal, and simple squamous or pavement epithelia. In a simple 
columnar epithelium the cells are markedly taller than they are wide and in 
vertical section look like a palisade fence, while when seen from above the epi¬ 
thelium resembles a sheet of small polygons. A simple cuboidal resembles a simple 

ZrXFT"- C T Pt ° r thC ICSSCr hdght ° f itS ceUs which about ^uals 

mnrhfl ,r I a s,m P le squamous or pavement epithelium the cells are very 
much flattened and cover the surface like the flat paving stones of a city footpath^ 

m v crtl cal section the cells may be so thin as to appear under the low powS of a 

In stratified or compound epithelia, the cells are several layers deep Bv far th. 

32 X 



322 


BIOLOGY 




Fig. 223. A diagram of the chief types of epithclia. 

A, simple columnar epithelium ; B , the same ciliated ; C, simple columnar epithelium 
which may appear to be compound because the nuclei arc at different levels, shown as 
ciliated on the right ; D, simple cubical epithelium ; E, surface view of simple columnar 
or cubical epithelium ; F, simple squamous epitheliums ; G, surface view of simple 
squamous epithelium ; H, compound squamous epithelium. 


those of a simple squamous epithelium. These superficial cells are continually 
being rubbed off or otherwise lost from the surface and are replaced from below, 
the wastage being made good by cell division occurring in the unflattened cuboidal 
cells of the deepest layers. This deepest zone, in which cell divisions occur, is the 
Malpighian or germinative layer. 

The strength of epithelia is remarkable, as is obvious from the difficulty of 
rubbing off one’s epidermis (stratified squamous epithelium) and is due partly, in 
some epithelia at least, to cytoplasmic bridges which connect the cells one with 
another, and partly to the presence of an intercellular cement-like substance. 

Epithelia nearly always have beneath them a layer of connective tissue (p. 323), 
by which they are supported, and they are marked off from this by a very thin sheet 
of apparently structureless material, the basement membrane. This is believed to be a 
very dense felt of extremely fine fibrils belonging to the connective tissue and 
formed by it. 


Glands 

A gland is an organ which, at the expense of raw materials brought to it in the 
blood and lymph, prepares some particular substance or substances, which are 
then released from it to another part of the body, and which shows a specific 
structural differentiation in connection with its secreting function. 

In exocrine glands, the secreting cells are always arranged around a lumen into 
which they pour their secretion and which opens on to the surface of the body, 
or into one of its cavities, where the epithelium of the gland becomes continuous 
with that covering the surface. In many glands there is a differentiation between 
a secreting part, lined by the actively secreting cells, and a duct which carries the 
product of the gland to its destination but is not itself lined by secreting cells. 

Exocrine glands are of varying complexity. Simple tubular and simple 
saccular glands are tube-like or sac-like structures formed as depressions below an 
epithelium-covered surface and lined by an epithelium specialised for its secret- 
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F.c. 224. Different types of gland structure ; the secretory parts are blackened, the ducts 

not (after Maximow, slightly altered). 
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their duties are rather to play their part in the formation of the intercellular 
materials than to meet the mechanical strains which it is the principal function of 
the connective tissues to resist. All the connective tissues, except a special tissue 
(the neuroglia) in the central nervous system, are of mesodermal origin. 

The simplest of the connective tissues in the adult is that called areolar. This 
is the great connecting and binding tissue of the body. In dissection it is seen both 
as a white soft material, filling little cavities between organs and also as tough 
sheets and capsules enclosing them and binding them together. The main mass 
of areolar connective tissue consists of intercellular material composed of two 
(perhaps three) kinds of fibres, the relative quantities of which differ in connective 
tissues taken from different places. 

The fibres which are usually most numerous are called white or collagen fibres. 
They appear as more or less straight or wavy branching threads the thickness of 
which varies in man from i to iQ/r (i fi = i/iooo mm.). The fibres are themselves 
made up of much finer fibrils ranging in thickness from 0.3 to 0.5/r. Collagen 
fibres are soft and flexible and not elastic. They are, however, strong and capable 
of resisting considerable tension. Collagen , the substance of which they consist, is a 
protein. 

The second kind of fibre is the yellow or elastic fibre. These are usually less 
numerous and finer than collagen fibres. In the fresh condition they appear as 
brilliant, highly refractive threads which branch and anastamose, forming a loose 
network. They differ from collagen fibres in not being composed of bundles of 
smaller fibrils, each being an undivided thread. Their mechanical properties 
are also different, for they are highly elastic, being capable of considerable ex¬ 
tension, afterwards returning to their original length. Chemically, elastic fibres 
are composed of a substance called elastin, which is related to collagen. 

A third type of fibre, the argyrophil or reticular fibres, are very fine, non-elastic 
fibres forming networks. They are found especially in such organs as the lymph 
glands and spleen, but also in other situations particularly during development. 
Although found in adults in the organs mentioned, there are grounds for sup¬ 
posing them to be formed elsewhere as a stage in the development of collagen 
fibres, for which reason they are often called ‘ pre-collagen \ 

Several kinds of cells are found in areolar connective tissue. The cells called 
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Fig. 225. Areolar connective tissue from the frog’s mesentery (semi-diagrammatic) 
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fibroblasts or fibrocytes are capable of slow amoeboid locomotion and their form is 
therefore variable ; elongated and spindle-shaped, or polygonal, star-shaped and 
so on. They are usually found on or near collagen fibres. They are called fibro¬ 
blasts because it is believed that they are in some way concerned in the formation 
of the connective tissue fibres. Wandering cells are rather smaller and more actively 
amoeboid than fibroblasts. There are several kinds of wandering cells and some 
are identical wjth certain kinds of leucocytes which migrate into the connective 
tissue from the blood. 

The main functional significance of areolar connective tissue is mechanical. 


SMOOTH OR PLAIN MUSCLE 

In muscular tissues the characteristic cells, which are called muscle fibres, are 
distinguished by their special development of the faculty of contractility. There 
are three kinds of muscle tissue : plain muscle, striped muscle (p. 339) and cardiac 
muscle (p. 345). 

Plain muscle fibres lack the transverse banding seen in striped muscle fibres, 
are usually found in the walls of hollow viscera and blood vessels, are generally 
not subject to the control of the will, and mostly develop from the visceral rather 
than from the somatic layer of mesoderm in the embryo (p. 386). Striped muscle, 
on the other hand, works the skeleton and is subject to voluntary control and 
develops from the somatic mesodermal layer. These two kinds of muscle tissue 
are often contrasted as voluntary, skeletal or somatic, and involuntary or visceral 

Smooth muscle fibres are elongated, spindle-shaped cells, each with a single 
rather elongated nucleus. In the pregnant human uterus they may be as much as 
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Fig. 227. Smooth muscle fibres, showing the delicate connective tissue fibrils in which 

they are enmeshed (diagrammatic). 


half a millimetre long while in the walls of small blood vessels their length is only 
15-20/x. Each fibre is widest at about the middle of its length, where the nucleus 
is placed, and tapers gently to the ends. 


EXAMPLES OF ORGANS INCORPORATING THE ABOVE TISSUES 


Frog’s kidney 

The greater part of a transverse section of a frog’s kidney is occupied by sec¬ 
tions of uriniferous tubules which are seen to be formed of a cuboidal epithelium. 
The Malpighian bodies lie close to the ventral border of the kidney. Only rarely 
will one be found resembling Fig. 228 for this depends on the chance of the knife 
passing through the entry of the capillary into the glomerulus and through the 
connection between Bowman’s capsule and the uriniferous tubule ; more usually 
the section will miss these structures. Both inner and outer walls of Bowman s 
capsule consist of a simple squamous epithelium. In ordinary preparations it is 
often difficult to distinguish the walls of the capillary forming the glomerulus but 




the blood corpuscles are easily seen. 

Running across the dorsal aspect of the kidney, and seen in favourable sections 
are the collecting ducts which take the urine to the ureter. They are lined by a tall 

cuboidal or columnar epithelium. 
The ureter will be seen close to the 
lateral border of the kidney, cut 
transversely. It is lined by a colum¬ 
nar epithelium, some of the cells of 
which are ciliated. Like nearly all 
internal organs the kidney is enclosed 
in a sheath of areolar connective 
tissue and from this a rather sparse 
network of similar tissue extends into 
its substance. The function of this 
connective tissue is to protect and sup¬ 
port the kidney tubules, while through 
„ • u u it pass the kidney’s nerves and blood 

^ A sim i! ar 

of Bowman’s capsule, the cubical epithelium supports the collecting tubules and tne 
of the uriniferous tubules, and areolar connective ure ^ er# 

tissue between the tubules. 
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Small intestine of a mammal 

As in other parts of the gut, the wall of the small intestine can be divided into 
four zones : the mucous membrane (mucosa ), the submucous coat (submucosa ), the 
muscular coat and the serous coat. 

The surface area of the mucous membrane is enormously increased by the 
presence of innumerable villi, finger-like projections into the lumen of the intestine, 
and, between the villi, of pit-like depressions, the simple tubular glands or crypts 
of Lieberkiihn. The villi are covered and the crypts lined by a simple columnar 
epithelium the cells of which are glandular and secrete the ‘ succus entericus ’ 
which contains important digestive enzymes (p. 494). Scattered in the epithelium 
are glandular cells of a special kind called goblet cells. These secrete mucin, a 
protein which when mixed with water forms the slimy lubricating material called 
mucus. Mucin, or its precursor mucigen , accumulates in the goblet cells in such 
quantities that they become rounded and swollen while most of the cytoplasm 
and the nucleus is confined to the base of the cell which has a cup or goblet-like 
form enclosing the mucinogen. In preparations made by ordinary means the 
muemogen has been dissolved out of the goblet cells and the space it occupied 
then appears as a large vacuole. Within the villi and between the crypts is a form 
of areolar connective tissue distinguished by the delicacy of its fibrils. Ramifying 
m this are small blood vessels and lymphatics. 6 

A lymphatic runs up into each villus and a 
network of capillary blood vessels lies close 
beneath the epithelium ; it is these vessels 
which absorb the digested food. Also running 
up into each villus are fine bundles of smooth 
muscle fibres ; these continue down to join 
a rather narrow sheath of similar muscle 
which encircles the intestine a little below the 
bottom of the crypts. This is the muscularis 
mucosae. During the digesdon and absorpdon 
of food the villi are in constant movement 
and it is supposed that these muscle fibres are 
responsible for their activity. The fibres of 
the muscularis mucosae closest to the crypts 
are arranged longitudinally, the outer fibres 
(that is, those furthest from the lumen of the 
intestine) circularly. 

The muscularis mucosae delimits the 
mucous membrane from the next part of the 
intestinal wall, the submucous coat. This is a 
sheath of areolar connective tissue with blood 
vessels and lymphatics connected with those 
ol the mucous membrane. 

Peripheral to the submucosa comes the 
muscular coat, a very thick and strong mass of 
smooth musde fibres the rhythmic and wave- 
hke peristaltic contractions of which keep the 
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food well mixed with the digestive juices and on the move towards the anus. 
In the inner and much the greater part of this the muscle fibres are arranged 
circularly, and in transverse sections of the intestine are therefore cut longitudinally, 
while in a narrower outer zone they run longitudinally. Connective tissue fibres 
penetrate into these great masses of smooth muscle and each muscle fibre is 
enmeshed in a sheath of extremely delicate fibrils. Through this fibrillar stroma 
the pull of the contracting muscle fibres is transmitted to all parts of the intestinal 
wall. 

Finally, the most peripheral layer of the intestinal wall is the serous coat. It 
consists of a narrow zone of areolar connective tissue covered with a thin squamous 
epithelium (the coelomic epithelium). 


Frog’s skin 

The frog's skin has two principal parts, a superficial stratified squamous epi¬ 
thelium, the epidermis , and below this a zone of areolar connective tissue, the 
dermis. The epidermis is about six to twelve cells deep. Its basal cells are cuboidal 
or columnar and those of most of the remaining layers rather irregularly poly¬ 
hedral ; but in one or two of the most superficial layers very much flattened. 
These flattened cells are dead, their cytoplasm having been replaced by the horny 
protein keratin. In terrestrial vertebrates one or more of the superficial layers are 
always keratinised ; in the frog the keratinised layers are periodically shed in 
large patches. 

Embedded in the dermis, but formed by downward invagination from the epi¬ 
dermis into it, are several kinds of simple flask-shaped glands lined by secretory 
cells the form of which varies considerably (according to their activity and the 
quantity of secretion stored within them) from tall columnar to low cuboidal. 
Each gland is connected to the surface by a short non-secretory duct. Some of the 
glands secrete mucus which keeps the skin moist and slippery when the animal is 
on land, while others, of similar general structure, secrete unpleasant tasting sub¬ 
stances which discourage the attacks of enemies. 

A zone of the dermis immediately beneath the epidermis is richly supplied with 
capillary blood vessels in passing through which the haemoglobin is oxygenated. 
In this region of the dermis are to be found scattered cells containing granules of 
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Fig. 230. A vertical section through the skin of the frog. 
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pigment ; long branching processes of these extend between the cells of the epi¬ 
dermis. A little more deeply the connective tissue of the dermis becomes denser, 
its thick collagen fibres being arranged in dense bundles which display a regular 
architectural arrangement. 


Mammalian skin 

In mammalian skin the epidermis, though likewise stratified squamous epi¬ 
thelium, differs from that of the frog in being much thicker and in having several 
distinct zones. The principal of these are the Malpighian layer, which consists of 
living polyhedral cells joined to one another by cytoplasmic bridges and in the 
deeper cells of which occur the cell divisions by which the more superficial layers 
of the epidermis are regenerated, and the horny layer which may be very thick and 
in which the cells are completely flattened, keratinised and dead. The dermis is a 
layer of tough and fibrous areolar connective tissue. 

The epidermis bears appendages, the hairs. Each arises from a pit, the hair 
follicle, which is lined by an extension of the epidermis in which, however, the 
horny layer is very thin. At the bottom of the follicle its lining cells form a little 
papilla and the multiplication of these cells produces a rod of keratinised cells pro¬ 
jecting from the follicle. This is the hair, a structure of much greater complexity 
than this very brief description would suggest. Each hair follicle is provided with 
a little group of smooth muscle fibres which run obliquely from the hair follicle to 
end in the superficial part of the dermis. Their contraction erects the hair and 
causes ‘ goose-flesh \ 

Opening into each hair follicle by a short duct is a group of several flask-shaped 
glands together known as the sebaceous gland. The glandular epithelium is com¬ 
pound, a basal ayer of cells giving rise to daughter cells which deposit fat in their 
cytoplasm and, breaking down in the lumen of the gland, liberate the fat which 
passing into the hair follicle, keeps the hair in good condition as a natural hair oil! 

Other glands characteristic of the skin are the sweat glands. Each of these is a 

skTn P a e nd H * 1 ?™* n ^ ^ narrow duCt °P enin g on the surface of the 

km and descending vertically deep into the dermis, where it passes into the 
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Salivary glands 

Like other compound glands, 
the salivary glands attain to their 
size and complexity by the re¬ 
peated branching of their ducts. 
Each of the final twigs swells at 
its end into a little flask-shaped 
or tubular glandular portion, the 
alveolus or acinus. The ducts are 
lined, for most of their length, by 
a columnar epithelium, but the 
glandular alveoli by a cubical 
epithelium. In the parotid gland 
of man all the cells secrete the 
digestive starch-splitting enzyme 
ptyalin (p. 495) and their cyto¬ 
plasm contains granules which 
are believed to be composed of a 
precursor of the ptyalin. In the 
submaxillary and sublingual 
glands of man quantities of 
Fig. 232. Part of a section through a parotid gland. mucus are produced as well as of 

ptyalin and there are accordingly 
certain histological differences from the parotid gland. 

Examination of a salivary gland shows it to be incompletely divided into lobes 
and these into lobules. This structure expresses the mode of development of the 
gland, by the branching growth of its duct. Since each final twig of the duct gives 
rise to an alveolus, the alveoli must evidently be formed in groups around the 
branches of the duct, small groups of alveoli around smaller ducts, aggregations 
of these groups around larger ducts. The whole gland is enclosed in a capsule of 
areolar connective tissue and trabeculae from this similarly ensheathe the lobes 
and lobules and, passing into the substance of the gland, separate and support the 
individual alveoli and the branches of the duct. Through this interpenetrating 
framework of connective tissue, nerves, blood vessels and lymphatics extend to all 
parts of the gland, capillary blood vessels forming a network around each alveolus. 
A few smooth muscle fibres are found around the larger ducts. 


SKELETO-MUSCULAR TISSUES 

The skeleto-muscular tissues are those which compose the skeleton and those 
which work it, and therefore include cartilage, bone, ligament, tendon and striped 
muscle. 

Cartilage 

Cartilage typically consists of a matrix in which the cells are embedded, and 
of a tough fibrous coat of areolar connective tissue enclosing the entire cartilage 
and called the perichondrium. There are several kinds of cartilage, the commonest 
and simplest being hyaline cartilage. 
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Hyaline Ca ? tila &- In hyaline cartilage the matrix often appears to be homo- 
geneous with cells scattered in it, usually arranged in little groups, and each cell 
mg a tiny cavity while the whole is enclosed in a perichondrium. There is often 
no sharp division between the perichondrium and the substance of the cartilage, 
for in its deepest parts the collagen fibres of the perichondrium become less dense 
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Fig. 234. A, white fibro-cartilage ( x 230) ; B y elastic cartilage ( x 200), showing in each 
the fibres in the matrix (from photographs by P. D. Mumby). 


den mechanical shocks. Cartilage owes its properties to its structure. The jelly- 
like but firm matrix with its contained cells resists compression, but the resistance 
ofTered is strengthened by the collagen fibres of the perichondrium and in the 
matrix. In the same way a jelly, which if unsupported would collapse under a 
weight, may resist it successfully if wrapped in a piece of sacking whose fibres take 
up the outward thrust due to the downward pressure of the weight. 

Every cartilage is not subjected to the same kind of mechanical stressing. In 
certain situations the cartilage has to meet needs of a special kind or of special 
severity, and in these places it is further specialised. 

White fibro-cartilage is developed where great strength is required combined 
with some resiliency, and without the rigidity of bone. An example is found in 
the inter-vertebral disks of mammals. The matrix is densely filled with collagen 
fibres among which are scattered cartilage cells each in a capsule of matrix like 
that seen in hyaline cartilage. 

Elastic cartilage appears where a tissue is required which will be tough and 
resistant to tearing, but will be able to undergo deformation without suffering 
destruction and will then return to its original form. One such situation is the 
pinna of the ear. In elastic cartilage the matrix is permeated with innumerable 

elastic fibres. _ , 

Calcified cartilage is a hyaline cartilage in which calcium salts have been de¬ 
posited in the matrix. It is probably most strongly developed in the cartilaginous 
skeletons of large members of the group of cartilaginous fishes (of which the dogfish 
is one of the smaller kinds) ; among these animals the calcification of the cartilage 
may give it almost the hardness of bone, from which however it is histologically 
quite distinct. In mammals, calcification occurs in hyaline cartilage just before 

it is destroyed and replaced by bone. 


Bone . 

Fine structure of bone. Bone is a hard tissue of great strength offering greater 
resistance to pressure and tension, and to bending and shearing forces, than does 
cartilage ; but it lacks the resiliency of cartilage, being characterised by its rigidity. 

Like other ‘ connective tissues bone consists of cells and of various inter¬ 
cellular materials. Whereas in cartilage the cells are probably important in help¬ 
ing to give the whole tissue its power to resist compression, in bone the cells have 
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no mechanical role, but are concerned with the manufacture and nourishment of 
the hard substance. The intercellular substance or matrix, the hard material, 
consists of an organic substance infiltrated with certain inorganic salts. If a bone 
is treated with weak acid for a considerable time, all the inorganic salts are re¬ 
moved and the bone then consists wholly of the organic framework ; it is then 
soft, flexible, and easily cut with a knife. If, on the other hand, a bone is burned 
the organic materials are destroyed and only the mineral salts are left. Such a 
bone retains its original form but is very britde. 

The organic components of the bone matrix are collagen fibres and an amor¬ 
phous cement material in which they are embedded. The inorganic material 
consists chiefly of calcium phosphates and carbonate (possibly combined as an 
apatite). These salts are deposited between and probably in the collagen fibres. 
Scattered through hard matrix in tiny spaces, called lacunae , are the bone cells or 
osteocytes . Each lacuna gives off a number of extremely fine branching tubules, 
called canahculeSy which extend in all directions, those from neighbouring lacunae 
opening into one another. I he osteocytes give off branching cytoplasmic pro¬ 
cesses which lie in the canalicules and doubtless come into contact with those of 
neighbouring osteocytes. There is thus, extending throughout the tissue, a system 
of communicating cells. 

In man, and in most of the larger mammals, bone has a lamellar structure, 


334 


BIOLOGY 


being built up of superposed sheets or lamellae of the hard substance. The fibrils 
in a lamella are all parallel with one another, while in adjacent lamellae they run 
in different directions, tending to be at right angles to one another. This arrange¬ 
ment is held to increase the mechanical strength of the bone. A cross section of a 
long bone such as a femur shows at the surface a series of lamellae extending 
concentrically around the bone, the external contour lamellae. The greater part of 
the section appears to consist of a very large number of small roughly circular 
masses each with a hole in the middle. These are really transverse sections of 
elongate cylinders called Haversian systems. Each Haversian system consists of a 
series of concentric lamellae of bone enclosing a space which contains connective 
tissue and a small blood vessel. The outline of individual Haversian systems is 
usually irregular, and filling the interstices between them are odd bits of lamellar 
series called interstitial systems. These are fragments of partially destroyed Haver¬ 
sian systems. Bone is a very plastic tissue constantly suffering structural modifica¬ 
tion during which old Haversian systems are always being destroyed and new ones 
formed in their place. 

The middle of the bone is occupied by a large marrow cavity ; immediately sur¬ 
rounding this and internal to the mass of Haversian systems there may be a series 
of ‘ internal contour lamellae ’. 

Either or both series of contour lamellae may be absent over part or the whole 
of any particular section of a bone. In both contour lamellae and Haversian systems 
the orientation of the fibrils changes in alternating lamellae. Longitudinal sections 
show the Haversian systems to be long bony tubes which run longitudinally and 
occasionally branch or unite. The capillary vessels running through them brings 
the blood supply to the bone. 

Covering the outer surface of a bone is a sheath called the periosteum. This 
makes no direct contribution to the mechanical strength of the bone but is of great 
importance in its development, nourishment, growth and repair, and in enabling 
muscles to act upon it (p. 342). In developing and growing bones the periosteum 
has two layers. The outer layer consists of fibrous areolar tissue ; it is through 
this that blood vessels and nerves enter the bone. The inner layer, sometimes 
called the ‘ germinative ’ layer or ‘ cambium contains cells called osteoblasts 
which line the surface of the bone and are in some way actively concerned in the 
formation of new bone. Active osteoblasts are rather cubical cells arranged over 
the bony surfaces rather like an epithelium, but less regularly. They cannot 
usually be recognised beneath the fibrous periosteal layer of bones which are no 
longer growing ; but if for any reason bone formation begins again, as in repair 
of a fracture, osteoblasts once more become evident. 

Form and gross structure of a long bone. A long bone has typically the form of a 
hollow cylinder expanded at the ends. Longitudinal sections show that the wall 
consists of hard white bone and is thickest at the middle of the shaft but becomes 
paper-thin towards the ends. The expanded ends are filled with a delicate three- 
dimensional network of plates, spars and trabeculae of bone, called spongy bone 
to distinguish it from the compact bone of the cylinder walls. This arrangement 
has a mechanical significance. Any strain which is transmitted longitudinally 
through the bone is received over the wide surface of the expanded end and is 
carried by the spongy bone, acting as a system of girders, to the thick and compact 
walls of the cylinder. Most of the strains to which a bone is subjected tend to 
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Fic. 236. Part of a transverse section of a long bone showing Haversian systems with 
Thr^rT !eS 'n largC n CaV,ty f ° r m«i by resorption of bone, and contour lamellae below, 
omit ted.* IC Sm3 " g,e 15 shown more hi g hl >' magnified in Fig. 235. Soft parts 
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bend it, and may act upon it from many 
directions ; engineers find that the efficient 
and economical way of meeting such 
strains is by means of a hollow pillar or 
tube, such as the shaft of a long bone is. 
The distribution of hard material in a bone 
closely follows that of the principal strains 
to which it is subjected. 

Each end of a long bone is covered with 
hyaline articular cartilage. Articular cartilage 
acts as a resilient cushion or shock-absorber, 
but also provides smooth surfaces covering 
the two components of the joint, enabling 
them to move upon one another with the 
minimum of friction ; this is effected by 
the absence of a perichondrium over the 
articular cartilage, the surfaces of contact 
between the two bones consisting of smooth 
cartilage matrix, lubricated, as we shall 

Development and growth of bone (ossification ). As we have seen (p. 157), bone may 
develop in connective tissue without any cartilaginous precursor (membrane 
bones), or in and upon a pre-existing cartilaginous model (replacing bones). 

The development of a membrane bone begins with the differentiation in the 
embryonic connective tissue of a group of rounded or cubical cells, the osteoblasts. 
Among these there appears a condensation of collagen fibres in and around which 
an amorphous cement substance forms, and in this organic foundation the bone 
salts are deposited. As the bone is laid down osteoblasts become enclosed in 
little cavities, the lacunae ; these cells become the osteocytes of the new bone. 
The bone continues to increase in size by the activity of its osteoblasts and the 
surrounding connective tissue forms a sheath enclosing it, the fibrous layer of the 
periosteum. 

In the case of a replacing bone, we start with a cartilage. Taking the cartilage 
model of a long bone as an example, osteoblasts appear under the perichondrium, 
and a thin layer of bone is formed like a belt around the middle of the shaft. The 
perichondrium is now a periosteum. Very soon after this, blood vessels and con¬ 
nective tissue cells from the periosteum begin to invade the underlying cartilage 
and to destroy it. They are accompanied by osteoblasts and, as the cartilage is 
broken down, a network of bone trabeculae appears in its place. Meanwhile, the 
sheet of bone under the periosteum, which is called ‘ periosteal bone ’ to distinguish 
it from the ‘ endochondral bone ’ formed within the cartilage, extends towards the 
ends of the bone, while the connective tissue and blood vessels engaged in resorbing 
the cartilage similarly carry their work of destruction from the middle of the shaft 
towards its ends. Thus the whole of the cartilaginous shaft is soon replaced by bone. 
As the bone thickens by the deposition of ever more and more periosteal bone, the 
marrow cavity is lormed by the resorption of bone which was originally formed 

endochondrally. .. . 

The bone which is thus deposited in and around the sliait ol the cartilage is 



Fig. 238. An early stage in the develop¬ 
ment of a membrane bone in a chick 
embryo ; collagen fibres forming among 
osteoblasts. 

see, by synovial fluid (p. 339). 
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. F lG .\ 2 . 39 * the cartilage model before the onset of ossification ; B t periosteal bone 
(black) has formed around the middle of the cartilage ; C % blood vessels and connective 
tissue begin to invade and destroy the cartilage ? forming D, the marrow oavitv, in which 
bone (black) is deposited on the remains of the cartilage ; £, an epiphvseal ossification 
cen rc lias formed, and the marrow cavity has been enlarged ; F y the cartilage is reduced 
o the articular and growth cartilages ; G y the growth cartilage has been destroyed and 
the epiphyseal and diaphyseal bone have united. 

called the dtaphysis. Each end of the cartilage is invaded by blood vessels entering 
independently of those resorbing the shaft, and a new centre of endochondral 
ossification is set up. These new centres of bone formation are called epiphyses. 
Destruction of cartilage and deposition of bone proceed in the epiphyses just as 

A V d , ,aphyS, r S “ nt !( ncar,y the whole of the cartilage has been replaced by bone. 
A thin layer of hyaline cartilage persists throughout life covering the surfaces of 

1 cokable 3 V the artiCU,ar Car " lage - In addition ’ a disk of 1 remains for 
a considerable time separating the epiphyseal and diaphyseal bone This is the 

growth cartilage, epiphyseal disk or plate ; its fate is described below. 

here be mentioned 3nd only the barest essentials can 

only bv Z U- d ’ A Th r baS ' C P'! nc, P ,e ,s that bone, unlike other tissues, grows 
hv TrlrT PP tIOn ' ^ S ,° ft tlssuc » llke a g la nd, can grow uniformly in all its parts 
fac^ Th nCW H matenal l itSClf throughout its thickness as well « to .U 

cavity enlarges by resorption ofhonp f Un k*" peno ^ teum "'bile the marrow 
in length is carried out bT^he ^nwrh T t " “!“? SUlfaC * of the ' va »« Growth 
simultaneous destruction and renla ° * f e P iph y sea ^ dis ^ ln thickness and its 
just the same r V 7 ^ thc dia P h V- al sid ' 

in the firs, endoiL^StfaiS So IT *7 r 'P lac ' d b * b °™ 

disk keeps pace with its destruction am. ,1, ■ ^ as dle growth of the epiphyseal 

the disk stops growing and is then rfpidlv and Cngth conUnues > but sooner or later 
by bone. The epiphyseal and dianh«cll com P>« d V destroyed and replaced 

***—t s:.s-t~.rs,'?rs.“S-= 


BIOLOGY 


338 

length increases also requires the resorption of considerable quantities of bone and, 
in addition, destruction and new formation of bone continually go on in the 
internal cavities such as those of Haversian systems. 

Joints 

The structure of joints varies considerably. Where little or no movement is 
permitted the bones making the joint may be connected by cartilage, by fibrous 
tissue, or by both (as in the inter-vertebral joints of mammals). 

Joints allowing free movement of the component bones haveamore complicated 
structure. The disappearance, during development, of the embryonic connective 
tissue which at first unites the cartilaginous ends of the two bones forming the 
joint, establishes a joint cavity within which the cartilage-covered articular sur¬ 
faces come into contact and move upon one another. Around this cavity the 
embryonic connective tissue differentiates as a tough sheath of areolar tissue with 
very strongly developed collagen fibres. This is the joint capsule ; it is continuous 


Fig. 240. 



A diagram showing the structure of a joint and of the attachments to the bones 

of two muscles working it. 
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with the fibrous layers of the periostea of the articulating bones. The capsule is 
lined by less strongly developed areolar tissue, often containing fat, and this is 
limited internally by the synovial membrane which lines the whole surface of the 
joint cavity except over the articular cartilage. The membrane is formed by the 
collagen fibres of the connective tissue covered by an epithelium-like layer of cells 
which may be flattened or cubical. An important function of the synovial mem¬ 
brane is the secretion by its cells of the synovial fluid, a liquid which fills the joint 
cavity, lubricating its moving surfaces and probably nourishing the articular 
cartilage. 


Ligaments 


Discussion of joints and of the connections between bones leads naturally to 
ligaments. These are strong fibrous bands of very varied sizes and forms. Most 
ligaments extend from bone to bone across joints, limiting the movements of the 
components of the joints and so preventing dislocation, and are often formed as 
local thickenings of joint capsules. Others, like those which support the liver and 
which develop as specialised and strengthened bands in the mesentery, connect 
soft parts. Essentially, a ligament consists of connective tissue in which either the 
collagen or the elastic fibres have been greatly strengthened. In the great majority 
it is the collagen fibres which have been thus developed, forming a white, pliable 
inelastic but extremely strong tissue consisting of bundles of fibres with fibroblasts 
m rows between the fibres (as in tendons). The fibres are so disposed as to 
coincide with the directions of maximal 


tensile strain. An example of a ligament 
in which it is the elastic fibres which 
have undergone a great development, 
is the ligamentum nuchae, which extends 
from the rear of the cranium backwards, 
connecting it with neural spines of the 
cervical vertebrae. It is especially well 
developed in animals with large heads. 
It consists of very large and strong 
branching and anastomosing elastic 
fibres. Much smaller collagen fibres 
encircle and lie between the elastic 
fibres, and fibroblasts are present. 

Striped muscle 

Of the three kinds of muscular tissue 
one, smooth or plain muscle, has been 
described (p. 325). 

Striped, striated, skeletal, voluntary 
or somatic muscle makes up the mus¬ 
culature of the skeleton and, in contrast 
with smooth muscle, is usually under the 
control of the will. Each muscle is 
made up of many muscle cells or muscle 
fibres. These are much more complex 



4 '' * 5 / t ^ cture of ligamentum 

nuchae (diagrammatic). 






sarcoplasm (stippled) 


Fig. 242. A y diagram of the structure of a striped muscle fibre ; B y a diagram of a 
myofibril ; C, parts of three striped muscle fibres (A and B after le Gros Clark, altered ; 
C from a photograph by P. D. Mumby). 
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structures than the cells or fibres of smooth muscle. They lie closely side by side 
and do not branch. 

In man the fibres vary in length from 1 to 41 mm. but do not usually exceed 

in thickness. Each fibre is enclosed in a very delicate and apparently struc¬ 
tureless membrane, the sarcolemma ; it is not known whether this is a part of the 
muscle fibre (for example, its cell membrane), or is formed by it as a secretion, or 
is a sheath produced by the connective tissue around the fibre. At any rate the 
sarcolemma closely invests the fibre and continues to do so while the fibre con¬ 
tracts. The sarcolemma is best seen in teased preparations when it is left joining 
the broken ends of a damaged fibre. 

Each muscle fibre is multinucleate, the nuclei being of elongate-oval form. In 
most mammalian muscles the nuclei are situated close beneath the surface of the 
fibres, but in lower vertebrates like the frog, and in some mammalian muscles, they 

are found deep in the substance of the fibres. 

Most of the substance of a muscle fibre consists of fibrils called myofibrils, 
which run throughout the length of the fibre, closely side by side without anasto- 
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mosing. Each myofibril is marked by alternating dark (A or Q \ and light (/ or J) 
bands, while a narrow dark Z line or Krause’s membrane crosses each light band, 
and a light M line crosses each dark band. The dark bands of all the fibrils lie 
opposite one another and so, therefore, do all the light bands ; the effect is that 
the whole fibre appears striped, whence the name ‘ striped * muscle. 

In addition to the specialised cytoplasm which makes up the myofibrils, the 
muscle fibres also contain a certain amount of cytoplasm which is not incorporated 
in the fibrils and which is called sarcoplasm \ it is found especially round about 
nuclei and where motor nerve fibres penetrate into the muscle fibre ; presumably 
it is also present between the myofibrils. 

Muscle fibres are bound together by areolar connective tissue to form muscles. 
An outer sheath, enclosing the entire muscle, is the epimysium. From this, branch¬ 
ing and anastomosing sheets of connective tissue separate its fibres into bundles 
which are again sub-divided, each bundle being provided with a connective tissue 
sheath, the perimysium. Finally, within the bundles each individual muscle fibre 
has a sheath of very fine and delicate fibrils outside its sarcolemma ; this is the 



a 
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endomysium. Evidently the epi-, peri-, and endo-mysia constitute a framework 
supporting the fibres, but they also have two other important functions. They 
provide routes along which blood vessels and nerve fibres can reach all parts of the 
muscle and when any part of the muscle contracts, they help in transmitting the 
pull to the bones or other organs on which the muscle acts. 

In the shortest muscles, the individual fibres may be as long as the muscle 
itself, and therefore extend from one end of the muscle to the other. But the 
larger muscles are much longer than the longest of their fibres, so that some of the 
fibres begin at one end of the muscle but end somewhere in its substance, while 
many do not extend to either end. 


Attachments of muscles ; tendons 

Typically, a muscle is attached at each end to a bone ; since there is a joint 
between the two attachments, contraction of the muscle moves one or both of the 
bones. Generally one bone moves more than the other ; then the attachment which 
moves less is the origin of the muscle, that which moves more the insertion. At its 
origin, a muscle is attached to the bone by means of its connective tissue sheaths 
which continue into the periosteum. It is usually joined to the point of insertion 
by means of a tendon , a band of collagen fibres whose great strength reflects the 
concentration into a small area of a pull which at the origin is much more widely 
distributed. Where the tendon joins the muscle its fibres pass over into those of 
the connective tissue sheaths of the muscle and into the sarcolemmae of the 
muscle fibres, while at the insertion the tendon fibres pass over into those ot 
the periosteum and may even penetrate into the hard substance of the bone. 
Structurally tendons resemble ligaments. Their fibres are always of collagen an 
lie parallel with one another, obviously expressing the simple tensile strains set up 
in them when the muscle contracts. Fibroblasts are present ; they are much com¬ 
pressed between the fibre bundles and consequently have a branching or star-like 
appearance in cross sections of the tendon. 


Fio. 244. 



A transverse section of a tendon, showing in black the tendon cells. 
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VERTEBRATE TISSUES ( Continued) 

VASCULAR TISSUES 

The vascular tissues include the blood and lymph, the tissues of the vessels in 

which they circulate, and of the organs in which blood and lymph cells are formed 

stored and destroyed, but we shall here deal only with the tissues of the blood and 
the blood vessels. 


The blood 

• B K l0 ° d d 1 i I ffers from “pother t^ues in consisting of a liquid, the blood plasma , 
. hlch J ell f arc suspended. The plasma accounts for about sixty per cent^of the 
volume of whole blood. It is a yellowish fluid which, if it passes over a surface of 

STLSr 3 Cl0t ‘ PlaSma “ ° f COm P lcx composite con 

tairung, besides a variety of simpler substances such as inorganic salts, also many 

hrl ht s “ bsta " ces includin g proteins, fats and carbohydrates. Clotting is 
Plasma l“fib n r- ThUS ’ PlaSma 15 b ' 00d >» is 

2 = 

leucoyus, which are colour l^TCl areTlsn ’ ^ ‘ white ’ muscles of 

bodies called platelets. In human blood th P resent other very much smaller 

f ' ve * rcd 

When seen individually or T^ma^CTouDs 0 * circular outline, 
presence of haemoglobL 1 ^ l ° the 

appear red. They are without nuclei but thZZ f m mass that they 

senes of changes including the disappearance of th* f ° r ? ied fr ? m ^ cells by a 
corpuscles are oval in outline and hZ tbe nuc l eus - In the frog the red 

Red corpuscles L bo^nd^ bv nUCleUS k StiU P resen t. 

within this appear to contain atohoidd hmdd membrane, and 

Whxte corpuscles or leucocytes differ from enldf m . wh ? ch , ls Ae haemoglobin, 
cells with cytoplasm and^nudeus IZ ^ *** are ^e 

they lack the permanent shape seen in the red r ^ n ? hac moglobin, and that 
resemble httle Whe > n 
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lymphocyte 


eosinophil 




monocyte 




humon red corpuscles fC(j corpuJC /es 0 f frog 


Fig. 245. Blood corpuscles. All the leucocytes arc 
from human blood. The red corpuscles are shown in 
face and side view (all after Sharpey-Schafer, re-drawn, 
except the frog’s red corpuscles). 


less spherical, but when on a 
solid surface they move by 
means of pseudopodia, as Am¬ 
oeba does. Probably all kinds 
of leucocytes further resemble 
Amoeba in being able to ingest 
solid particles. This is the 
property of phagocytosis , an 
important factor in the body’s 
defences against invading bac¬ 
teria, many of which are thus 
devoured and destroyed. Some 
kinds of leucocyte are much 
more actively phagocytic than 
others, and leucocytes are by no 
means the only phagocytic cells. 
Leucocytes are not confined to the blood stream, but are also to be found in the 
lymph and tissue fluid. Here, too, they practise phagocytosis, and, when a focus 
of infection is formed, as in a boil or an infected wound, leucocytes accumulate 
and devour, not only the invading bacteria, but also dead cells and other debris. 
Pus is an accumulation of dead leucocytes, the casualties, so to speak, of the defend¬ 
ing army. It is important to bear in mind that leucocytes, although most easily 
obtained from the blood, are constantly migrating in and out of blood vessels. 

There are five or six different kinds of leucocyte which can be conveniently 
classified in two groups : the granulocytes or granular leucocytes, and the agranulo- 
cytes or non-granular leucocytes. 

The granular leucocytes are so called because their cytoplasm contains granules 
which react specifically to staining with certain dyes. They are of three kinds. 
Polymorphonuclear leucocytes (‘ polymorphs ’ for short) amount to about seventy 
per cent, of all leucocytes. They have a strongly tabulated nucleus which appears 
to be divided into several parts which are in reality connected by delicate isthmuses; 
their cytoplasm contains very tiny granules which, with suitable dyes, stain purpl¬ 
ish. These cells are very actively phagocytic and are important in destroying 

infecting bacteria. ...... 

Eosinophil leucocyctes have nuclei resembling those of polymorphs but their 

cytoplasm is filled with comparatively large granules which stain with the pink 

dye eosin. Normally, only five per cent, of all leucocytes are eosinophils but in 

certain kinds of infection their number increases. ..... • . , 

The third kind of granular leucocyte is the basophil leucocyte, distinguished 
from eosinophils chiefly by the smaller size and by the granules which stain 
bluish with certain dyes. They amount to less than one per cent, of all leucocytes 
The non-granular leucocytes are lymphocytes and monocytes, the latter also called 
mono nuclear leucocytes. Lymphocytes are rather small cells, rounded with little 
cytoplasm and a relatively large rounded nucleus. They are probably not very 
actively amoeboid or phagocytic. In certain chrome infections their number 
increases enormously over the normal twenty per cent of all white cor Pj> scle ^ 
Monocytes are larger cells with an oval or kidney-shaped nucleus ; they may 

be as many as eight per cent, of all leucocytes. 
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The blood platelets are very small bodies with no nucleus ; they seem to be 
important in clot formation. 

Blood vessels 

There are four kinds of blood vessel : the heart, arteries, veins and capillaries. 
Capillary vessels are delicate tubes of microscopic size the walls of which consist 
of a single layer of cells, usually cemented together by an intercellular substance, 
and forming a flat pavement epithelium. This is the endothelium. Ensheathing a 
capillary is a layer of very delicate connective tissue fibrils and fibroblast-like cells. 
In the tissues, capillaries form networks. The density of the networks depends on 
the metabolic activity of the tissue ; thus cartilage matrix has no capillaries while 
in skeletal muscles there is a rich ‘ capillary bed \ 

The endothelium which we have just seen forming the capillary wall continues 
through the arteries and veins, and through the heart, as their lining tissue ; but 
in them the wall includes other tissues besides the endothelium. In an artery, the 
endothelium is backed by an elastic membrane made of the same material as the 
elastic fibres of areolar connective tissue. Outside this comes a fibro-muscular 
coat consisting of connective tissue, often with a strong development of clastic 
fibres, and of smooth muscle fibres. In large arteries, in which the beat of the 
heart is felt as a pulse, the elastic fibres usually predominate, allowing the vessel 
to stretch at each systole of the heart and contract at diastole ; but in smaller 
arteries the smooth muscle fibres largely replace the elastic, and by their degree of 

C <rr 0n -h rCgUla ! e thc diameter of the vessel that more blood passes through 
it to the capillaries when the tissue supplied is active, and less when it is Inactive 

arc e th nner Pr ^h r t e h in T? “Jr" in corres P ondin g Series and their walls 
arc thinner with the clastic fibres and smooth muscle fibres much less strongly 

fhrii , OPCd 'h- ^ 3ny Vem f P rovidcd valves, pocket-like folds of the endo^ 
thelium which prevent back-flow of the blood. 

Cardiac muscle 

The heart is lined by endothelium resembling that of arteries and veins h„t 
respects cardiac muscle resembles skeletal muscle Its fihr ° ^ s ® veral 

p^ence^f^yofTbr^^th^e^lie'in^a riche 3 ^“tri™^ 

muscle. The nuclei are plac'd cenT^ ^ in 

m the fibres and are fairly regularly 
spaced from one another. The presence 
of a sarcolemma is doubtful. 

Much the greatest difference be¬ 
tween cardiac and skeletal muscle is that 
cardiac muscle, instead of consisting of 
isolated elongated muscle fibres which 
neither branch nor anastomose, is a mus¬ 
cular network. Adjacent fibres are join-" 
ed by short side branches and the fibres 

may also divide more equally, the div- *«trcchit* <i,sa 

z Fio. 246. Cardiac muscle. 
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isions joining neighbouring fibres. Structures called intercalated disks cross the fibres 
at fairly regular intervals, usually between adjacent nuclei so that they mark out the 
fibres into uni-nucleate portions. The nature of these disks is uncertain. They 
have been thought to mark the boundaries between adjacent cells, but because the 
myofibrils pass through them and for other reasons, this view is now discredited, 
and cardiac muscle is regarded as a vast syncytium , an undivided protoplasmic mass 
formed by the fusion of originally separate cells. Now, when a skeletal muscle 
fibre contracts an impulse passes through it, but does not cross into other muscle 
fibres and make them contract too ; in cardiac muscle, on the other hand, an 
impulse created in the region which contracts first (normally the sinu-atrial node, 
p. 241) travels through the entire muscular network stimulating contraction as it 
goes ; presumably the spread of the impulse is assisted by the syncytial structure, 
possibly by removing the delay which might otherwise occur at each cell boundary 
(as occurs at synapses in the nervous system). 


NERVOUS TISSUES 

Neurones 

The structural unit of which the nervous system is composed is the neurone, 
which is defined as one nerve cell with all its processes. Each neurone consists of 
a nucleated cell body from which arises a process, often very long, called the axon, 
and usually one or more dendrites. Dendrites are best defined as the processes by 
which impulses enter the neurone, the axon as the process by which the impulse 
leaves it. In sensory neurones, the cell bodies of which are in the ganglia of spinal 
or cranial nerves, the dendrite is longer than the axon, for it extends to the ganglion 
from the skin or from some internal organ, while the axon goes only from the 
ganglion into the spinal cord or brain. In motor neurones, on the other hand, 
the axon is usually the longer process, for it goes to a muscle or gland, while the 
dendrites do not leave the central nervous system but within it form synapses with 
other neurones. 


The sensory neurones and sense organs 

We have seen (p. 66) that neurones can be classified as sensory, motor, and 
inter-nuncial or inter-calary. Impulses enter the nervous system through the 
dendrites of sensory neurones. These dendrites are excited by stimuli either im¬ 
pinging on the animal from without or occurring within it, in either case a sense 
organ being stimulated. The majority of sense organs are of microscopic size and 
consist essentially of the terminal branches of the dendrite of a sensory neurone. 
For example, several kinds of sensory nerve ending are found in the skin. In some, 
the dendrite branches among the cells of the epidermis (Fig. 248) ; these endings 
are sensitive to stimulation by touch. In other types of sensory nerve-ending the ter¬ 
minations of the nerve fibres are enclosed in some kind of capsule provided by the 
neighbouring tissue. Thus Pacinian corpuscles consist of many concentric lameUaeof 
connective tissue enclosing the branching ends of one or more nerve.fibres (sensory 
dendrites) ; they are found in a great many places, including the skin, the fibrous 
capsules of joints and tendons and in the periosteum of bones They are sensitiv 
to stimulation by pressure and tension ; when situated in such structures as joints 
and the like they form part of the apparatus by which the central nervous system 
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is kept informed of the position of parts of the body, the degree of contraction of 
muscles, and so on. In certain of the larger and more elaborate sense organs it is 
not the sensory neurones which are directly excited by the external stimulus, but 
specialised sensory cells. This, as already explained (p. 131), is the case in the 
neuromast sense organs of fishes, and in the eye, where the fibres of the optic nerve 
are not excited by light falling upon them but by stimulation from the rod and 
cone cells. 

The cell bodies of the sensory neurones are found in the cranial and spinal 
ganglia. Each appears to give off only a single process, but in reality this quickly 
bifurcates, one branch (the dendrite) being traceable to the peripheral sense 
organ, while the other (the axon) continues in the dorsal root of the spinal nerve 
into the spinal cord. 


Synapses ; the spinal cord 

Within the central nervous system the axons of the sensory neurones branch 
and come into close contact with the dendrites of inter-nuncial neurones, making 
synapses (p. 31) with them. It is at the synapses that impulses pass from 
one neurone to another. One axon may form synapses with the dendrites 
of several or many others, and the dendrites of one with the axons of several or 
many others ; there are thus inter-neuronal connections of great complexity. 
Indeed, every neurone in the nervous system is directly or indirectly in synaptic 
communication with every other. 

Although synapses transmit impulses, they do so in only one direction, from the 
axon of one neurone to the dendrite of the other ; that is why impulses always 
enter a neurone through its dendrite and leave through its axon. 

It remains briefly to see how the neurones are put together in making up 
nervous organs such as the spinal cord and a peripheral nerve. 

i [ hC V?“ vcrs , e se ct»on of the spinal cord has a more or less rounded outline. 
In the mid-dorsal and mid-ventral lines it is incised by deep clefts, the dorsal and 

from en fZ* H f 5 ' ° f X be SCen the i this runs 

from end to end of the spinal cord, is continuous with the ventricles of the brain 

and reminds us that in vertebrates the central nervous system is tubular. It is 

hned by a ciliated columnar epithelium and it contains a liquid, the cerebro-spinal 
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Fig. 247. A, a cross-section of the spinal cord ; B, the area enclosed in the small square 
in A more highly magnified, to show the cell bodies of neurones in the grey matter, and 
cross-sections of axons and dendrites in the white matter. 


circle is in life occupied by a fatty substance, myelin , which forms around the axon 
a sheath called the medullary or myelin sheath. Suitable sections show axons of 
sensory neurones, the cell bodies of which are in the spinal ganglia, crossing the 
white matter, from the dorsal root of a spinal nerve, to make synapses with inter- 
nuncial neurones in the grey matter of the cord, and those of motor neurones, 
whose cell bodies are in the ventral part of the grey matter, crossing the white 
matter to form a ventral root. 


Nerve fibres and nerves 

A nerve is a bundle of motor axons, of sensory dendrites, or more usually of both. 
In peripheral nerves both axons and dendrites are provided with certain sheaths 
or coverings, and each, with its sheaths, is called a nerve fibre (Fig. 248), while the axon 
or dendrite itself is often designated the axis cylinder. The axis cylinder is enclosed in 
medullary sheath, as in the central nervous system. At intervals this is constricted a 
or interrupted, the interruptions being called nodes of Ranvier. If the axis cylinder 
branches it always does so at one of these nodes. Outside the myelin sheath is a 
very thin structureless membrane, the neurilemma , beneath which is a delicate 
layer or network of cytoplasm which belongs to cells called cells of Schwann. 
There is one such cell, with a nucleus, under the neurilemma in every inter-node 
of the fibres, i.e. one between every two nodes of Ranvier. Within the central 
nervous system, nerve fibres retain their myelin sheaths but lose the neurilemma 
and Schwann cells, while pre-ganglionic fibres of the autonomic system(p. 263) 
lack a medullary sheath but (outside of the spinal cord) have both neurilemma and 
cells of Schwann. 

Sections across a nerve show it to consist of nerve fibres bundled into groups 
and the whole enclosed in an areolar connective tissue sheath, the epineurium. From 
this, sheets of connective tissue enter the nerve to enclose and separate the bundles 
of nerve fibres (as the perineurium) while an endoneurium penetrates between and 
supports the individual fibres. 
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Fig. 248. A diagram showing a sensory and a motor neurone with their peripheral 
endings in the epidermis and in a striped muscle fibre, and the structure of a nerve fibre 
in cross-section. 


Motor nerve endings 

When a motor nerve fibre is close to its destination it loses its sheaths. If it is 
to innervate a striped muscle fibre it pierces the sarcolemma and enters an accumu¬ 
lation of sarcoplasm, usually containing several nuclei of the muscle fibre, and 
there divides into a terminal ramification, forming tiny loops or disks. Motor 
fibres supplying smooth muscle fibres or glands end in delicate varicose threads on 
the surface of the muscle fibres or gland cells. 


METHODS OF STUDYING CELLS AND TISSUES 

,.„ Th , ere are c <| istinct advantages in studying cells and tissues while alive, but the 
difficulties of doing so are great, and by far the larger part of our histological 

knowledge is derived from the study of tissues after suitable preservation and 
preparation. r 

When the possibilities of examining it alive have been exhausted, the first step 
in the histological study of a tissue is its fixation. The object of this is to prevent 
the disintegrative changes which begin at the moment of death and to keep the 
tossue permanently fixed ’ in a condition as like as possible to that in life^ In 
ation, advantage is taken of the protein-precipitating power of a wide range of 

formaldeh ^ ^ m ° St im P ortant are eth yl alcohol, solutions of 

tetroxide^r 5/™^" )> acetlc acid, picric acid, mercuric chloride, osmium 
tetroxide, etc. These substances precipitate or coagulate the proteins of th P 

hving material making them much less liable to undergo disintegrative changes 

inevit f bl y changing the fine structure of cells aiS tissues One 
might say that a ceU or tissue after fixation is to the living cell or tissue much as a 
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boiled egg is to a fresh one. The various fixatives differ in the sorts of proteins 
they precipitate and in the details of the changes they cause, and so they are often 
used in mixtures in which the different components supplement each other’s 
deficiencies. 

The minute structure of tissues is usually and most satisfactorily studied by 
cutting thin sections. By means of an instrument called a ‘ microtome ’ it is 
possible to cut these as thin as ip though 5-iOjx is more usual. Before the sections 
can be cut the tissue must be thoroughly infiltrated with, and embedded in, some 
material firm enough to support it against the pressure of the knife. The 
substance most commonly used is paraffin w-ax of melting point between 50° 
and 6o° C. Water is first thoroughly removed from the object (‘ dehydration ’) 
by baths in progressively higher concentrations of ethyl alcohol, and finally of 
absolute alcohol, and then this too is removed by one or more baths in such a sub¬ 
stance as clove oil, cedar oil, or xylene, which mix with absolute alcohol and wax 
(which will not mix with one another). The wax is kept molten during the infil¬ 
tration and is then suddenly cooled, leaving the object embedded in a solid block 
of wax. 

When the sections have been cut they are transferred to glass slides covered 
with water, the crinkles are removed by gende warmth, and then the slides are 
dried in a w r arm oven. They will then adhere to the slide during subsequent 
treatments. 


original piece 
of tissue 


Next, the wax is removed from the sections by a bath in xylene, and then the 
slide passes through descending grades of alcohol to water. The sections must now 
be dyed or ‘ stained ’, for the colourless and transparent tissue would otherwise be 
invisible in the completed preparation. Usually one chooses two or more stains 
which colour different structures in the preparation, as for example haematoxylin, 
which can be used to stain nuclei blue, and eosin, which colours cytoplasm pink. 

When the staining is completed the 
preparation is made permanent by 
0 infiltrating the sections with a 

* 1 hard-setting transparent mounting 

medium, usually Canada balsam, 

original piece __^ and covering them with a cover- 

of tissue - g ] ass . Since Canada balsam will 

. N 7^ v" V not mix with water the sections are 

’ V ^ v dehydrated with progressively 

more concentrated solutions of 
alcohol, and finally with absolute 
emigrating'^' alcohol, and are then treated with 

nto medium xylene (or other substance which 

from original > mixes with both absolute alcohol 

piece and balsam, which will not mix 

; /. with one another). Xylene makes 

/•(' t the sections transparent and from 

1 it they can finally be transferred 

to balsam and permanently 

Fig. 249. Part of a tissue culture ( x 47) ; the mounted, 
emigrating cells are mostly fibroblasts (from a photo- be studied a l ive in 
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Fig. 249. Part of a tissue culture ( x 47) ; the 
emigrating cells are mostly fibroblasts (from a photo¬ 
graph by P. D. Mumby). 
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a variety of ways. Leucocytes may be watched for a short time in a drop of blood 
under a cover-glass but for more prolonged observations and for most other tissues 
more elaborate methods are required. In one of these, commonly known as ‘ tissue 
culture a tiny piece of living tissue is embedded in a drop of blood plasma, from 
which the cells are to obtain their food, mixed with extract of an embryo (usually a 
chick) which clots the plasma and adds a stimulant of growth. To remove waste 
products and ensure a sufficient supply of food, this medium is renewed every other 
day. It is found that cells composing the original piece of tissue wander out into 
the plasma clot and multiply. Studies of their divisions show that the accounts of 
mitosis derived from fixed and stained preparations are substantially correct. 
Cultures of some kinds of cell (for example, fibroblasts) can be kept alive apparently 
indefinitely. Tissue culture has been used in the investigation of a great many 
medical and biological problems ; one sphere in which valuable results have been 
obtained has been that of the effect of X-rays and radium on normal and cancerous 
cells. Shortly before the war a method was being developed for keeping whole 
organs alive, outside the body, for considerable periods. 



CHAPTER XXIX 


VERTEBRATE EMBRYOLOGY : INTRODUCTION 
GAMETOGENESIS, FERTILISATION 

We may regard the development of an individual as including all the changes 
by which a fertilised ovum is transformed into an adult, in which there will be no 
further major alterations, except the degenerative changes of old age and death. 
Since, however, the fertilised ovum is formed by the fusion of gametes which have 
themselves a developmental history behind them, it is convenient to include also 
the formation of gametes. 

CHANGES OCCURRING DURING DEVELOPMENT 

It is obvious that adult organisms differ from the ovum at the outset of its 
development in the quantity of living material present. In other words, one of 
the events occurring during development in the individual is growth. In addition, 
the protoplasm of the adult is organised not in one but in a vast number of cells all 
of which have been formed by the cell division of the ovum and of its daughter cells. 
The innumerable cells of the adult are, as histology tells us, of many different 
kinds ; development, then, includes differentiation of cell types. It also includes, 
of course, the arrangement of cells to form organs. 

STAGES OF DEVELOPMENT 

In the great majority of animals development is a continuous process and a 
division into stages is therefore largely arbitrary. Nevertheless, it is possible to 
indicate in a general way certain processes through which all developing verte¬ 
brates pass. The first of these is fertilisation , as one of the results of which the passive 
unfertilised ovum becomes the intensely active zygote. Next comes cleavage, in 
which repeated division of the ovum, and of its daughter cells, makes a multi¬ 
cellular embryo. Cleavage results in the formation of a blaslula, the name applied 
to a hollow sphere of cells but subsequently extended to cases in which no such 
structure is formed but in which the cells of the embryo are organised in a single 
layer or membrane (which may be many cells thick). The blastula is a mono- 
blastic stage, in contrast with the diplo- and triplo-blastic stages which follow. 

It is a fundamental feature of triploblastic animals that in certain stages of 
their development the embryo is organised in three tissues, the germ layers (ecto¬ 
derm, endoderm and mesoderm). The rearrangement of its parts which trans¬ 
forms the monoblastic embryo into a diploblastic condition is called gastrulation, 
and the two-layered embryo is a gastrula. Following, or sometimes accompanying, 
gastrulation, is mesoderm formation, which results in the organisation of the embryo in 
the three germ layers mentioned above. So closely connected are gastrulation 
and mesoderm formation that many authors treat the first as including the second. 

Further changes lead to the formation of a neurula. This is characterised by the 
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presence of the hollow dorsal central nervous system. Since the notochord is 
present too the embryo can now be recognised as that of a chordate ; the third of 
the great chordate characters, the perforated pharynx, appears soon after. The 
formation of the neurula is followed by a long period during which the rudiments 
of the other organs appear while the cells acquire their proper histological charac¬ 
ter. 

So long as the young individual remains in the egg it is an embryo. In some 
animals, as in many insects and the frog, the young is hatched in an earlier stage 
of development than occurs in higher vertebrates like reptiles, birds and mammals, 
and is then very different in form and structure from the adult. In such cases the 
young animal, like a tadpole or a caterpillar, is a larva , and its transformation into 
the adult a metamorphosis. The occurrence or not of a larval stage in a life history 
is connected with the amount of food available in the egg for the developing 
embryo ; when the embryo is richly supplied it can continue developing until it 
attains a form resembling the adult, as in the chick, but if less richly provided its 
embryonic development may end earlier, as in the frog, and the animal be released 
from the egg as a larva. 


COMPARATIVE AND CAUSAL EMBRYOLOGY 

The obvious differences between ovum and adult are structural and the 
obvious events which occur during development are structural changes ; the 
embryologist’s first task is to trace out these changes, to show by what transfor¬ 
mations the complex adult forms itself from the structurally simple ovum. The 
enormous catalogue of facts which embryologists accumulate in their descriptive 

” T glV l n * mc ^ ln e b y the application to it of the comparative and experi- 
ment 3 ! methods. The comparative study of development in different animals 

• 1 aq T y r° ^ e , Causes of resemblan ces and differences between them 
and this implies historical study because causes precede effects. Every develop¬ 
ment is a chain of causation in which events occurring in the developing embryo 
at any moment, are effects of immediately preceding events and the cause7of 

yolk-sac from reptilianancestors with hravilv „ ' mammaban ™ br yo inherits its 
our knowledge might be of the causes of volt y ' yo ] ked Cf t 8s » and however complete 
mammalian life ' om- X actin S in th ' dividual 

development of TS’-sac wo^re g -° f ,he , factore bringing a bout die 
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GAMETOGENESIS 

The formation of the gametes is gametogenesis ; that of the spermatozoa is 
spermatogenesis and of ova oogenesis. 

Spermatogenesis 

The testis, in which spermatogenesis occurs, is a complicated tubular organ. 
Each tubule has lining it externally a basement membrane, and internal to this the 
seminiferous epithelium in which the spermatozoa develop. When spermatogenesis 
is in progress the epithelium shows several layers of cells. Here and there on the 
basement membrane are rather large primary spermatogenic cells or gonocytes. These, 
by division, give rise to spermatogonia, smaller cells which multiply by repeated 
divisions and are therefore numerous. After an unknown number of divisions 
they cease dividing, bringing to an end the first phase in spermatogenesis, that of 
multiplication. 

Having stopped dividing, the cells hitherto called spermatogonia enlarge 
(phase of growth) and are now called primary spermatocytes. These form an irregular 
zone of large cells nearer the lumen of the tubule than the spermatogonia. Next 
comes the phase of maturation in which each primary spermatocyte divides forming 
two secondary spermatocytes , and each secondary spermatocyte divides forming two 
spermatids. These two divisions constitute meiosis (p. 435) ; in the course of the 
first the number of chromosomes is reduced by half while in the second no such reduction 
occurs. Thus the secondary spermatocytes and the spermatids contain the haploid 
number of chromosomes, half the number contained in the somatic cells of the body. 

Because the two divisions of meiosis succeed one another rapidly the sperma¬ 
tids are small cells ; they are found nearest to the lumen of the tubule. Each 
spermatid transforms itself by a complicated series of changes into a spermatozoon. 

Every spermatozoon has three parts : a head which consists of little more than 
the much-condensed nucleus, a middle piece which among other things contains a 
centriole (p. 314), and the long tail. By the movements of the tail the spermatozoon 
swims. While they are still within the testis the spermatozoa do not lie freely 
in the cavity of its tubules but have their heads buried in certain cells called Sertoli 
cells from which their tails project freely. The Sertoli cells are rather sparsely 
scattered, and are somewhat columnar in form. Each is seated on the basemen 
membrane and extends thence towards the lumen of the tubule. 


Oogenesis and ovulation 

The ovary is not a tubular structure but a relatively solid organ Covering 
its free surface is a simple columnar coelomic epithelium (often called the germinal 
epithelium). During early embryonic life (p. 402) this epithelium contains two 
kinds of cells : gonocytes and cells of the coelomic epithelium. The gonocytes and 
some of the coelomic epithelial cells migrate down into the underlying connective 
tissue of the ovary and in this period the gonocytes, which can now be called 
oogonia, multiply (phase of multiplication). Next each “g^um bea« sur- 
rounded by a sheath of the coelomic epithelial cells which migrated with it from 
the germinal epithelium. These little .groups of cells are called primary ovarian 
follicles, and the oogonium at the centre of each has stopped dividing and is passing 
into the phase of growth. It is now a primary oocyte. 
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Craofion follicle 


Fig. 251. Parts of a section of a mammalian ovary showing in A, primary, and in B, a 

secondary or Graafian follicle. 


The size attained by the primary oocyte during the phase of growth depends 
largely, though not exclusively, on the amount of yolk deposited in the cytoplasm. 
The largest ova are those of birds, while among the smallest ova are the nearly 
yolk-free ova of most mammals. While the primary oocyte is enlarging, the 
follicle cells enclosing it multiply and make around it a sheath several cells deep. 
In mammals there appears among these cells a fluid-filled cavity. This enlarges 
and the now vesicular follicle may be as much as 5 mm. in diameter ; the primary 
oocyte is found, ensheathed by follicle cells, in a protrusion of the wall into the 
cavity. The whole structure is a Graafian or secondary follicle. 

The phase of growth is followed by that of maturation. Like the primary 
spermatocyte, the primary oocyte divides and the chromosomes in the daughter 
cells are reduced to the haploid number. But whereas the primary spermatocyte 
divides into two secondary spermatocytes of equal size, in the division of the 
primary oocyte one of the two daughter cells retains nearly all the cytoplasm, 
while the other receives only a tiny quantity, and the two daughter cells are there¬ 
fore of very unequal sizes. The larger is the secondary oocyte while the smaller 
(which might also be called a secondary oocyte but that it does not give rise to an 
ovum) is called the first polar body. Next, the secondary oocyte divides again, this 
time by mitosis, forming the mature ovum and the second polar body ; at the same 
time the first polar body may divide, so that one primary oocyte gives rise by two 
divisions to one mature ovum and three polar bodies, whereas one primary 

spermatocyte produces four spermatozoa. ' 

The ovum is liberated ( ovulation) by the bursting of the follicle whose enlarge- 
ment has caused it to press against the free surface of the ovary. 

In vertebrates, ovulation usually occurs before the completion of maturation. 
In most mammals, including man and the rabbit, and in Amphioxus the ‘ ovum 
leaves the ovary as a secondary oocyte, the mitosis of the second maturation 
division having stopped in metaphase, while in the frog and fowl the primary 

°° C After discharge of the ovum (or oocyte) in mammals, the ruptured follicle 
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becomes filled with follicle cells and with connective tissue ; these form the corpus 
luteum (p. 268). 

Spermatogenesis and oogenesis compared 

In spite of the structural differences between the testis and the ovary, and 
between the spermatozoa and ova, spermatogenesis and oogenesis closely resemble 
one another. In each there is a phase of multiplication in which large numbers of 
gamete-producing cells are formed (spermatogonia and oogonia), and this is 
followed by a phase of* growth when the last generation of spermatogonia and 
oogonia enlarge to become primary spermatocytes and oocytes. Lastly, in the 
phase of maturation, two cell divisions produce first the secondary spermatocytes 
and then the spermatids, and first the secondary oocytes and then the mature ova, 
the chromosome number being halved in the first division in each case. 

There are, of course, differences : the phase of enlargement is much more 
accentuated in the development of the ova than in that of the spermatozoa, and 
the size of the mature ova is kept practically equal to that of the primary oocytes 
by the sacrifice, as polar bodies, of three out of the four ‘ ova ’ formed from each 
primary oocyte. The differences between the two kinds of gamete and in their 
modes of development reflect the need for very numerous and active spermatozoa 
which, however, require scarcely any food reserves, for their independent life is 
short, and for smaller numbers of ova which must be larger because they supply 
virtually the whole cytoplasm of the zygote and, except in viviparous animals, must 
contain enough organic food reserves to supply the embryo until it can feed itself. 

FERTILISATION 

Fertilisation in the guinea-pig 

themalThr’ ^ K f ^ ° 0gam0US - fcrtil ^tion is taken to mean 

T by a s P errnatozo °n and the union of its nucleus with 
that of the ovum to form the zygote nucleus 

We shall take as an example the fertilisation of the ovum of the eninea-oie 
In this atntnal, as m most mammals, the' ovum ’ is, at ovulation, really a^ont l 
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oocyte in the metaphase stage of the second maturation division. After ovulation, 
it is taken into the Fallopian tube where it meets the spermatozoa. An entire 
spermatozoon enters the cytoplasm of the oocyte. Its entry is the signal for the 
completion of the second maturation division : the nucleus of the oocyte passes 
through anaphase and the second polar body is given off. The chromosomes 
remaining in the ovum enter into telophase, a nuclear membrane forms around 
them, and the nucleus passes into the resting condition. 

The ovum is now mature and its nucleus is often known as the female pro-nucleus. 
While the second polar body is being formed the head of the spermatozoon swells, 
forming a typical nucleus which is known as the male pro-nucleus. Of course, both 
pronuclei contain the haploid number of chromosomes. At the same time the 
centriole, which entered the ovum in the middle piece of the spermatozoon, becomes 
the centre of an extensive aster, resembling the aster seen at each end of the 
achromatic spindle in mitosis (p. 316). The two pronuclei approach one another 
and chromosomes become visible in each. The aster disappears and the centriole 
divides into two ; a new aster forms around eadh daughter centriole and an 
achromatic spindle appears between them. This will be the spindle of the first 
division of the fertilised ovum. The nuclear membranes of the two pronuclei 
disappear and both sets of chromosomes become arranged on the equator of the 
spindle. Since two haploid sets of chromosomes are on the same spindle, the 
diploid number of chromosomes has been restored. 





mctopho se of 2nd molurotion division 
2nd 


A Before entry of spermotozoon 


B Spermotozoon In ovum 


of zygote nucleus 

D Chromotomes of mole ond female E. Metophose of 1st d,vis,on of cleavage 
pronudci mingle 



C. Mole ond femole pronuclel approach 



F. 1st division completed 


Fig Fertilisation and first division of the fertilised ovum in the guinea-pig (re-drawn 

after Lams). 
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The ovum has now been fertilised, and is in the metaphase of its first division. 
The chromosomes divide longitudinally into chromatids (if they have not already 
done so), and on completion of the division the fertilised ovum has divided into 
the first two cells of the embryo, each of which contains one complete set of 
chromosomes derived from the father and one from the mother. 

In some animals and in many plants including most flowering plants, the 
nucleus of the spermatozoon fuses with that of the ovum while both are in the 
4 resting ’ condition, and before the onset of the first division of the new generation. 
There is never any fusion of the chromosomes ; the zygote nucleus has always as 
many chromosomes as were present in the male and female pronuclei together. 


Effects of fertilisation 

Fertilisation has a number of important effects. 

(1) In most ova the first effect is a change in the cytoplasm which makes it 
impossible for a second spermatozoon to enter. 

(2) In many ova the entry of the spermatozoon is followed by a slight decrease 
in the volume of the ovum, accompanied by the appearance of a fluid between 
the ovum and a membrane which is lifted away from its surface. This vitelline or 
fertilisation membrane is formed by the ovum itself and not by the surrounding 
follicle cells in the ovary. It is the innermost sheath protecting the ovum and may 
be the only one, as in Amphioxus (p. 261). 

(3) In many cases, one, as in the guinea-pig, or both polar bodies are formed 
only after penetration of the cytoplasm of the oocyte by the spermatozoon. 

... The m . ost obvi ous effect offertilisation is the transformation of the inert unfer¬ 
tilised ovum into an active cell in which the changes begin which will lead ulti¬ 
mately to the development of the adult organism. This is the activation of the ovum. 

It would be natural to suppose the union of the nuclei to be the essential event 
in bringing about all the changes occurring as a result of fertilisation, but this is 
ovl oft" 1 the , CaSC - Experiments have shown that non-nudeated fragments of the 

and certa, “ od * r animals, which are for technical Reasons very 
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THE EGG 

Very few, if any, animals deposit their ova without any protective covering, 
and certainly no vertebrate does so. The protective coverings, or egg membranes 
(so-called whether they are membranous in character, or jelly-like, or hard, like 
egg-shells) may have any of three origins. (1) Membranes formed by the ovum 
itself are primary egg membranes ; (2) secondary egg membranes are secreted on to the 
surface of the ovum (or of its primary membrane) by the follicle cells of the ovary ; 
(3) tertiary membranes are added by secretory cells of the oviduct. 

The egg membranes of vertebrates are of very varied character and reflect the 
special environments in which development occurs. It is important that the term 
‘ egg ’ be used only of the egg membranes with or without the ovum itself, and not 
when the reference is to the ovum alone. It is also important not to confuse the 
egg-membranes with the extra-embryonic membranes described on pp. 410-420. 



CHAPTER XXX 


EARLY DEVELOPMENT OF AMPHIOXUS 

THE EGG AND UNFERTILISED OVUM 

In Amphioxus , secondary oocytes are extruded into the sea. The nucleus of 
each lies close to the surface, in the metaphase of the second maturation division. 
Each oocyte has a delicate primary egg membrane. It is o.x to 0.13 mm. in 
diameter. 

The cytoplasm contains yolk in the form of tiny spherical droplets, but these 
are absent from a superficial cortical zone of the cytoplasm and are less numerous 
at the pole containing the nucleus than elsewhere. Evidently the ovum is radially 
symmetrical around an axis passing through the nucleus to the opposite pole, and 
has a polarity marked by the presence of the nucleus at one end of this axis and by 
the lesser quantity of yolk around the nucleus. The pole containing the nucleus 
and the lesser quantity of yolk is known as the animal pole and that opposite to it as 
the vegetative pole. Since the amount of yolk present is much less than in most 
vertebrate ova, the ovum is said to be micro-lecithal (‘ small-yolked ’). 


FERTILISATION AND ESTABLISHMENT OF BILATERAL SYMMETRY 

The spermatozoon usually enters the oocyte near the vegetative pole. Its 
entry-is.immediately followed by the formation of a new primary egg membrane 

'JacnonTthe^ ^ forrmn e lhe ^elline membrane, and by l slight con- 
U-action of the ovum leaving a space between it and the vitelline membrane 
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sumptive endoderm and the presumptive epidermis ; this is the mesoderm crescent or 
presumptive mesoderm. It is obvious that an ovum having this structure can be 
divided into equal halves along only one plane ; it is therefore bilaterally symmetrical. 
The plane of bilateral symmetry remains as the plane of bilateral symmetry of 
all later stages. 

The changes which lead to the establishment of bilateral symmetry are co¬ 
incident with or closely followed by the union of the male and female pronuclei. 


CLEA VAGE AND THE BLASTULA 

After the establishment of bilateral symmetry, the fertilised ovum divides into 
two cells. The plane of division coincides with the plane of bilateral symmetry 
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Fig. 254. Early stages in the development of Amphioxus. 
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and the two cells arc therefore right and left, and will give rise to the right and left 
halves of the embryo and adult. They divide again, forming four cells, and 
divisions thereafter continue so that the ovum is cut up into four, eight, sixteen, 
thirty-two, sixty-four cells and so on. The cells thus formed are called blastomerts. 

Beginning early in cleavage, a jelly-like material accumulates in the centre of 
the group of blastomeres. This takes up water and swells and soon the blasto- 
meres are found to be arranged as a wall of cells, one cell thick, around a fluid-filled 
cavity. The embryo at this stage is the blastula, and its cavity is the blaslocoele. It 
is important that the blastula is monoblastic , for the entire embryo is organised as a 
single layer, ectoderm, endoderm and mesoderm being not yet separated from one 
another. 

During cleavage there is no re-arrangement of the different materials which 
made up the cytoplasm of the undivided ovum except that the cytoplasm is par¬ 
celled out among the blastomeres. Thus the presumptive mesoderm, for example, 
is no longer a part of one large cell but is divided up among many cells. These 
cells, however, occupy the position in the blastula which the mesoderm crescent 
occupied in the undivided ovum. Hence a diagram of a fully-formed blastula 
resembles that of the fertilised ovum except that it is multicellular and is somewhat 
pulled out posteriorly, like a pear. 


GASTRULA TION 

Gastrulation may be said to occur in three movements. 

(1) In the first movement, the part of the blastula which is composed of yolky 
cells (presumptive endoderm), and which is dorsal in position, sinks down towards 
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the opposite wall of the blastula. Coming into contact with this, it obliterates the 
blastocoele, converting the blastula into a two-layered cup with a wide opening. 
This is the early gastrula. Its cavity is the archenteron, and the wide opening of the 
archenteron is the blastopore. The sinking down of the presumptive endoderm to 
form the inner layer of the cup is called its invagination. 

(2) At the completion of invagination, the lips of the blastopore are formed by 
those cells which lie around the presumptive endoderm in the blastula, that is of 
the presumptive notochord anteriorly, and the presumptive mesoderm posteriorly 
and laterally. The second gastrulation movement is a turning or rotation of these 
presumptive notochordal and presumptive mesodermal cells around the lips of the 
blastopore so that they no longer form part of the outer layer of the gastrula or of 
its lip but instead form parts of its inner layer. The movement is known as 
inflection. Inflection goes on simultaneously with the later stages of invagination. 

( 3 ) After invagination of the presumptive endoderm, the cup-like embryo has 
no dorsal wall. The third movement of gastrulation provides this by a backward 
growth of the anterior lip of the blastopore while the posterior lip grows upwards. 
The result is that the blastopore is much reduced in size and is situated, not 
dorsally, but postero-dorsally. What were anterior and posterior lips are now 
dorsal and ventral in position, and the gastrula is now more flask-like than cup¬ 
like. The third movement occurs after the completion of the first two, and with its 
completion the gastrula is fully formed. Since the completed gastrula is organised 
in two cell layers it is diploblastic. 

In the completed gastrula the presumptive regions 1 are situated as follows. 
The entire outer layer consists of ectoderm, one part of which, the presumptive 
nervous system, is arranged as a strip of cells along the mid-dorsal line. The rest 
of the ectoderm is presumptive epidermis. The inner layer is composed partly of 
presumptive endoderm and pardy of presumptive mesoderm and notochord. The 
presumptive notochord is a longitudinal strip of cells in the mid-line in the roof 
of the archenteron, and the presumptive mesoderm lies as a band of cells to each 
side of the presumptive notochord. Thus the roof of the archenteron is formed by 
these tissues and not by endoderm, which forms the walls and floor. It is because 
the archenteron is partly formed by presumptive mesoderm and notochord, and 
not wholly by endoderm, that it is distinct from the mesenteron, which is later 
formed from its walls and floor. The mesenteron will of course be lined wholly 
by endoderm. 

SEPARATION OF THE MESODERM AND NOTOCHORD ; FORMATION 

OF THE NEURULA 

The formation of the tubular central nervous system, and the separation of the 
presumptive mesoderm and notochord from the archenteric roof, occur simultane¬ 
ously, but must be described seriatim. 

The two bands of presumptive mesodermal cells rise up from the archenterxc 
wall as a pair of ridges, one on each side of the presumptive notochord ; the 
cavities of the ridges are part of the archenteric cavity. Next, each ridge becomes 

1 Obviously a description of gastrulation should explain how these regions arrive at the positions 
they occupy at the end of gastrulation. The account here given does not fully do this because to do 
so would require a much more detailed description than space permits. 
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divided by transverse grooves into blocks of cells arranged on each side one behind 
the other in series. Each block of cells is separated by the transverse grooves from 
similar blocks in front of it and behind it, but is joined to the archenteron into 
which its cavity still opens. The blocks are called mesodermal sacs (sometimes they 
are called ‘ somites but see below, p. 366). Next, each sac pinches off from the 
archenteron, the separation beginning in front and proceeding backwards. When 
fourteen pairs of sacs have been formed in this manner, the presumptive mesoderm 
behind them separates itself from the archenteric roof and thereafter lies dorso- 
laterally to the gut and posteriorly continues back to the lip of the blastopore. 
Successive blocks of cells are cut off from its anterior end as mesodermal sacs and 
each acquires a cavity ; this continues until all the mesoderm has been divided 
into mesodermal sacs. The cavities of all the sacs together constitute the coelome. 

The notochord removes itself from the archenteric wall in a simpler manner. 
Beginning anteriorly, it pinches off as a solid rod of cells which lies between the 
mesodermal sacs of the two sides. 

As the mesoderm and notochord thus separate from the archenteron, the 
endoderm heals below them and a tubular mesenteron, whose wall consists wholly 
of endoderm, is thus formed. The ectoderm, endoderm and mesoderm are now 
established as separate layers of the embryo which has therefore become triplo- 
blastic, and, coelomic cavities being present, coelomate. 

The cells of the presumptive nervous system, arranged at the end of gastrula- 
tion as a median dorsal strip in the outer layer, become taller, forming a thickened 
plate called the neural plate. This then sinks below the level of the remaining 
ectoderm, which then grows over and soon covers it completely. At the same 
time the edges of the neural plate rise up, meet each other, and fuse, converting 
the plate into a tube, the neural or medullary tube. This is the rudiment of the 
characteristic chordate hollow dorsal central nervous system. 

When the neural tube is first formed it has two openings. At the anterior end 
it fails to close until much later in development so that it retains here an opening 
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Fig. 257. A young larva of Amphioxus ; (after Hatschek, slightly altered). 

to the exterior called the neuropore. Posteriorly, it opens into the gut through the 
blastopore which is roofed over by the same ectodermal ridges as cover the neural 
tube ; the canal thus formed connecting the mesenteron and the neural tube is 
known as the neurenteric canal. 

With the formation of the neural tube the neurula is complete. Before this 
happens, the embryo has been liberated from its egg membrane, or ‘ hatched ’, 
and is now a larva. It swims actively by means of cilia with which its ectodermal 
cells are provided. The neural tube, notochord, and several pairs of mesodermal 
sacs have been formed or are forming. There is neither mouth nor anus, and the 
larva is for a time unable to feed itself and exists at the expense of the yolk still 
remaining in its cells. 

Soon after hatching the larva begins to elongate rapidly, and this continues 
until it has attained approximately the proportions (though not of course the size) 
of the adult. The elongation of the embryo involves the formation of many 
new mesodermal sacs ; altogether, about sixty pairs are represented in the adult. 
They are formed by cutting off blocks of cells from the anterior ends of the unseg¬ 
mented mesoderm behind them. 

FURTHER DEVELOPMENT OF THE MESODERM 

In its further development each mesodermal sac elongates dorso-ventrally, 
extending upwards between the neural tube and the ectoderm, and downwards 
between the endodermal gut-wall and the ectoderm. Each sac then becomes 
divided by a horizontal septum into dorsal and ventral parts. Each ventral 
division fuses (a) below the gut, with the ventral division of its fellow sac of the 
opposite side, \b) with the ventral divisions of the sacs in front of it and behind it. 
The single large cavity so formed, which lies below and to the side of the gut, is the 
splanchnocoele. Its outer wall, underlying the ectoderm, is the somatic mesoderm, and 
its inner wall, lying against the endoderm of the gut, is the splanchnic mesoderm. The 
dorsal divisions of the mesodermal sacs are somites. They do not fuse with one 
another. 'The cavity of each is a myocoele. Its inner wall thickens and forms the 
segmental muscles of the body wall ; it is called a myotome. The outer wall- (against 
the ectoderm) is the dermatome. A part of the somite near its ventral end gives rise 
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Fig. 258. A diagram of a transverse section of an Amphioxus larva, to show the coelomic 

cavities and the divisions of the mesoderm. 


to an outgrowth, the sclerotome , a structure from which develop the connective 
tissue sheaths enclosing the central nervous system and notochord. The anterior 
and posterior walls of the somites give rise to the myocommata between successive 
myotomes. The myotomes themselves become bent into the characteristic shape 
of the muscle segments of the adult. In Amphioxus , the coelome is made up of the 
myocoele, of the splanchnocoele, and of various cavities derived from these, but 

the splanchnocoele is so much the larger that it and its derivatives are often spoken 
of as the coelome. 



CHAPTER XXXI 

DEVELOPMENT OF THE FROG 


THE EGG AND UNFERTILISED OVUM 


The ‘ ovum ’ of the frog when liberated from the ovary is a primary oocyte. 
It has a very delicate primary or vitelline membrane. The first polar body is 
given off, and the second maturation division begins, in the oviduct, but the 
second polar body is not usually formed until after the entry of the spermatozoon. 

As the secondary oocyte descends the oviduct, a dense jelly-like substance is 
secreted upon it, providing it with a tertiary egg-membrane which swells in 
water (there is probably no secondary egg-membrane). 

The deposition and insemination of the eggs is described on p. 178. 

Insemination is quickly followed by fertilisation and soon after this the coats of 
jelly swell until, by half an hour after extrusion, the jelly is thicker than the ovum 
itself and causes the eggs to stick to one another, so that the whole mass of spawn 
is held together. 

The secondary oocyte just before fertilisation is a large cell, about 1.75 mm. in 
diameter. The quantity of yolk is much larger than in the ovum of Amphioxus; 
by far the greater part of it is found in one hemisphere which therefore contains 
much yolk and little cytoplasm, while the other hemisphere has much cytoplasm 
and little yolk. The nucleus (in the metaphase of the second maturation division) 
is close to the surface near the centre of the less yolky hemisphere; its posidon 
marks the animal pole. Rather more than the animal half of the ovum is blackened 
by a deposit of pigment granules in the cytoplasm near its surface. The vegetative 
hemisphere is made white by its yolk. Because of the marked differendation 
between predominantly cytoplasmic and predominantly yolky hemispheres the 

ovum is said to be telolecithal (end-yolked). It 



Fic. 259. Frog spawn. Each black dot 
is an ovum and each ovum is embedded in a 
jelly-like sheath (from Brimble). 


is radially symmetrical about an axis joining 
the animal and vegetative poles. 

FERTILISATION 

A rearrangement of cytoplasmic materials 
accompanies the entry of the spermatozoon 
just as it does in Amphioxus , and similarly 
involves a transformadon of the symmetry of 
the ovum from radial to the bilateral symmetry 
of the larva and adult. It is not necessary to 
describe these changes in detail except so far 
as they alter the external appearance. Some 
of the superficial pigment sinks inward from 
a crescentic area in the animal hemisphere 
close to its boundary with the unpigmented 
vegetative hemisphere, making this region of 
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Fig. 260. The ovum of the frog ; /I, before, 
and B, after fertilisation. 


^ the surface grey instead of black. 

It is known as the grey crescent. Its 
position is determined by the point 
°f entrance of the spermatozoon, 
f° r *^ ie centre °f t f ,e crescent lies in 
the meridian opposite to that in 
A \ which the spermatozoon pene- 

8 grey crescent trates into the ovum. Evidently, 

From koucou, • 0*1,w of CHor,iou Devdopmmi •. ° nce ** grey crescent:has appeared 

Henry Hott & co. t Hew York the ovum is bilaterally symmetri- 

Fig. 260. The ovum of the frog ; A , before, ca, - # # The K^Y crescent marks the 
and B, after fertilisation. position of a particularly important 

part of the cytoplasm of the ovum, 
that from which the mesoderm and notochord will later develop. With respect 
to the embryo and adult, the animal pole is anterior, the vegetative pole posterior, 
and the grey crescent dorsal. 

On the entry of the spermatozoon each ovum contracts a little, expelling a 
small amount of fluid between itself and the vitelline membrane. This sets the 
ovum free to rotate and, since the specific gravity of the yolk is greater than that 
of cytoplasm, all fertilised ova are soon found to be orientated with the animal 
poles upwards and the vegetative poles downwards. 

A third important effect of the entry of the spermatozoon is the completion of 
poIarTody malUraU ° n division ° f the ovum and th e formation of the secondary 

aT1 7w? UC ! eUS ° fthC ra 1 a,ur J e i ovumn ow moves towards that of the spermatozoon 
and fertilisation is completed by their union. 


CLEA VAGE 

The cleavage of the ovum resembles the cor¬ 
responding process in Amphioxus but with important 
differences. The first two cleavages are meridional 
and at right angles to one another. Usually, one 
of these divisions divides the grey crescent sym¬ 
metrically, and when this happens the two halves of 
the ovum so separated represent the right and left 
sides of the embryo and adult. The other cleavage 
separates a dorsal from a ventral half. The third 
cleavage is latitudinal but not equatorial, being 
nearer to the animal than to the vegetative pole. 
Hence the eight cells, or blastomeres, which have 
now been formed consist of four smaller cells derived 
from the animal hemisphere on top of four larger 
ones derived mainly from the vegetative hemisphere. 
The four smaller cells are therefore richer in Cyta¬ 
le? 111 than the four larger, which are richer in yolk. 
From the third cleavage onwards the divisions 
become less regular, but cleavage proceeds much 
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faster in the animal part of the embryo than in the vegetative part, and the difference 
in size between cells derived from these two regions of the ovum persists until late 
stages in development. This difference is due to the large quantities of yolk 
present in the vegetative hemisphere ; yolk is a non-living, inert material, and it 
retards the division of cells in which it is present in quantity. 

THE BLASTULA 

As early as the eight-cell stage a small central cavity begins to form. This is 
the beginning of the blastocoele. In the fully formed blastula it is a hemispherical 
cavity in the animal half of the embryo. Its dome-like roof is formed of small cells 
derived from the animal hemisphere, its floor of large yolk-laden cells of the vege¬ 
tative hemisphere. In Amphioxus the blastula wall is only one cell thick, but in the 
frog it is many cells thick, the floor being much thicker than the roof and walls 
(because of the larger cells). Nevertheless, since ectoderm, endoderm and meso¬ 
derm are still not separated, the blastula is (as in Amphioxus ) monoblastic. 

The regions of the ovum and blastula which will give rise to particular parts of 
the embryo and adult are less readily distinguishable in the frog than in Amphioxus. 
The difficulty has been surmounted by staining tiny pieces of agar-agar jelly and 
then placing them in contact with known regions of the surface of an ovum or 
blastula denuded of its membranes. The dyes diffuse from the pieces of jelly into 
the embryo which thus acquires coloured patches ; these patches retain their 
colour long enough for the fates of the stained regions to be followed in later 
stages. Many such experiments have made it possible to draw a map of the blastula 
showing into which part of the tadpole each region of the blastula will develop. 
Such experiments show that : (i) the unpigmented yolky part of the embryo 
(vegetative hemisphere) consists of presumptive endoderm, (2) the region of the 
grey crescent consists of presumptive mesoderm and notochord, (3) the remainder 
of the animal hemisphere is presumptive ectoderm, the presumptive nervous 
system being between the presumptive epidermis and the presumptive notochord. 
It would be possible to give much more elaborate diagrams than Fig. 262, showing 
the positions of the presumptive eye, lens, limbs, auditory vesicles, parts of the gut, 
and so on, but these details are omitted for simplicity. 
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Fig. 262. A diagram showing the distribution of the presumptive materials in the 
fertilised ovum or in the blastula. The short horizontal line in the presumptive endoderm 
indicates the position of first appearance of the invagination groove (blastopore). The 
conventions here used to distinguish the different regions are continued in Figs. 265 and 
266. It is probable that, as in Fig. 265, a narrow strip of presumptive mesoderm should 
extend across the mid-line between the presumptive notochord and presumptive endo¬ 
derm (after Vogt). 













Fig. 263. The externaJ changes during gastrulation in the frog ; the unpigmented 
hemisphere of the ovum is towards the observer. The first drawing shows an embryo 
shortly after the beginning of gastrulation (after Jenkinson, slightly altered). 


GASTRULATION AND MESODERM FORMATION 

External changes during gastrulation 

Gastrulation begins with the appearance of a crescentic latitudinal groove a 
litde behind the posterior edge of the grey crescent, in the presumptive endoderm. 
Here the white yolk-laden cells begin to sink into the interior, so that the groove 
comes to be bounded anteriorly by pigmented cells of the animal hemisphere and 
posteriorly by unpigmented cells of the vegetative hemisphere. The groove is 
situated postero-dorsally and its pigmented Up is the dorsal lip of the blastopore. Its 
position with respect to the presumptive regions is shown in Fig. 262. The dorsal 
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J*ig. 264. A series of sagittal (median vertical) sections through gastrulating frog 
embryos, in the same six stages as are shown in Fig. 263. The arrow indicates the anterior 
end of the future larva and adult (after Jenkinson, re-drawn, and slightly altered). 
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Fig. 265. A diagram illustrating the movements of presumptive materials during 
gastrulation. A , D , C, D represent sagittal sections through embryos progressively more 
advanced in gastrulation. The stages shown in A , B , C, D correspond approximately 
with A, A E y F of Figs. 263, 264. E represents a transverse section of A along the line 
DV (partly after Vogt). 
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and B of these figures situated at the surface of the embryo anterior to the dorsal 
lip of the blastopore but have been turned or inflected round it so that they now 
again lie in front of it, but in the roof of the archenteron instead of in the superficial 
layer. As gastrulation proceeds, the archenteron deepens and extends laterally 
until (Fig. 264 F) it appears, in the median sections, ventrally as well as dorsally. 
Its floor is always formed by yolky cells, its roof by inflected pigmented cells. 
Towards the end of gastrulation the blastocoele is obliterated by the sinking of the 
yolky cells into it, and the blastopore is reduced to a slit (Fig. 267). 

Movements of presumptive regions during gastrulation 

These movements, as inferred from colour mark experiments, are illustrated 
in Fig. 265. The presumptive endoderm sinks into the interior, the presumptive 
notochord and mesoderm (the grey crescent material) is inflected round the 
blastopore lips into the archenteric roof (but see below), the arms of the crescent 
of presumptive nervous material swing backwards and unite to form a broad 
band in the superficial layer mid-dorsally, and the rest of the surface is covered by 
the presumptive epidermis. Figs. 265 E and 226 shows the arrangement of pre¬ 
sumptive materials at the end of gastrulation. Notice that the archenteric roof is 
made by presumptive notochord (as in Amphioxus ), but that the presumptive meso¬ 
derm takes little if any part in it while differing further from that of Amphioxus in 
extending right round the embryo between the ectoderm and endoderm. 

Comparison with the gastrulation of Amphioxus 

The invagination of the presumptive endoderm cells into the blastocoele, 
obliterating it, the inflection of the presumptive notochord and mesoderm around 
the blastopore lip, and the backward growth of the blastopore lip completing the 
dorsal wall of the embryo and covering in the archenteron, in principle resemble 
the corresponding movements in Amphioxus , the larger differences reflecting 
chiefly the greater quantity of yolk in the ovum of the frog. No cup-like stages are 
formed because the blastocoele is too small to accommodate the mass of large 
yolky cells, and hence the backwardly growing blastopore lip is separated from 

cse cells only by the narrow slit-like archenteron and not by a large archenteric 
cavity, as in Amphioxus . 
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The blastopore in the completed gastrula 

When the blastopore lips finally meet over the yolk-plug, the blastopore be¬ 
comes drawn out as a longitudinal slit. Next, the lips fuse across the middle of the 
slit, dividing it into upper and lower parts, both opening into the archenteron. 
The more posterior opening soon closes but its position continues to be recognised 
as a little depression, the proctodaeal pit . The upper opening becomes the neuren- 
teric canal (see below). 


FORMATION OF THE NEURULA 

The neural tube 

Even before gastrulation, the presumptive nervous tissue becomes thicker than 
the presumptive epidermis, and when gastrulation is nearly completed it is easily 
visible as a thick neural plate running forwards from the region of the blastopore. 
When the blastopore is slit-like the edges of the neural plate have risen up on each 



neural fol 
neural plate . 

neural groove 


branchial arches 


proctodaeum 


neural folds 
closing 


proctodaeum 


notochord 


neurenteric canal 


rmis 


_J&U-dlcnccphalon 

te,ence ^ ho, ° n neural ^ roove i 

epidermis 

Pharynx 

rudiment of liver cntcron ? 


rectum 


proctodaeum 


epidermis cntcron mcso( j crm 


lateral 

plate 


A and B from • Outline of Chord* DooriofmoM \ I* W.EJKcUicoU. Copyright. . 9 « 3 , * 
Henry Holt & Co. Copyright , 1940, by Mary H. Kdluott 


Fig. 267. A. early neurula with neural groove ; B late ncurula, tail hudforming. 
A and B from posterolateral aspect (after Ziegler). Cloves dmalsect^n of a neurula 
(after Marshall, re-drawn). D, cross-section of a ncurula with neural groove. 
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side as a pair of neuralfolds. Anteriorly, these continue round the front of the neural 
plate and posteriorly they pass to either side of the anterior division of the blasto¬ 
pore and disappear. The folds quickly become higher, meet in the mid-line, and 
fuse, so that the neural plate is converted into a neural tube. This is from its first 
formation visibly differentiated into an anterior wider part, the brain, and a narrow¬ 
er posterior part, the spinal cord. The anterior limit of the brain at this stage 
represents the anterior limit of the diencephalon, the cerebral hemispheres being 
formed later as antero-lateral outgrowths. Posteriorly, the neural folds close over 
the upper division of the blastopore, and for a time the cavity of the neural tube 
opens through it into the archenteron ; this upper division of the blastopore is 
therefore the neurenleric canal (p. 366). Later, it closes and in the adult there is no 
connection between neural tube and gut. 

Neural tube formation is thus essentially similar in the frog and Amphioxus. 
In Amphioxus the neural plate sinks down and is covered by the ectoderm before it 
forms the neural tube, while in the frog and other vertebrates the formation of 
the neural tube and of its ectodermal covering are simultaneous. 


Notochord and mesoderm ; formation of the mesenteron 

The presumptive notochord, and the small part of the presumptive mesoderm 
which with it may form part of the roof of the archenteron, are separated from the 
endoderm by its closure beneath them, and the remainder of the mesoderm 
hitherto closely adherent to the endoderm in the lateral and ventral parts of the 
body, splits away from it. What was the archenteric cavity is now lined wholly 
by endoderm and has therefore become the cavity of the mesenteron , and the meso¬ 
derm and notochord lie between the endoderm and the ectoderm. The embrvo 
is therefore tnploblastic. 7 

Unlike Amphioxus when the mesoderm is first separated from the endoderm 
it is unsegmented and contains no cavity. There can be distinguished on each side 

f . thlC 1 k ". ZOne > close [° ** notochord, called the paraxial mesoderm, and a more 
lateral thinner zone, the lateral plate mesoderm. While the neural tube is still form- 
mg, the paraxial mesoderm of each side begins to divide transversely into blocks of 
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the endodcrm. The myocoeles shortly 
disappear, making no contribution to the 
coelome of the adult. The nephrocoeles 
persist and are continued into the cavities 
of the tubules of the nephroi (which are 
therefore coelomic in origin). The splan- 
chnocoele of each side fuses below the gut 
with that of the other side. Anteriorly, a 
portion of the lateral plate mesoderm folds 
itself around the heart, forming the double- 
walled pericardial sac, its contained prolong¬ 
ation of the splanchnocoele becoming the 
pericardial cavity (see pp. 389-390), the 
remaining part being the peritoneal cavity. 
In the frog, no part of the coelome is derived 
from the archenteric cavity, as is the case in 
Amphioxus. 

Elongation of the embryo 

During the formation of the neurula the 
embryo begins to elongate. The walls of 
the neurenteric canal, which is derived from the blastopore, are a region in which 
neural tube, epidermis, notochord, mesoderm and gut all meet in a mass of undif¬ 
ferentiated cells. These cells are actively dividing and from them new cells are 
added to the more differentiated tissues in front. 

EXTERNAL FORM FROM NEURULA TO ADULT 

Development of the tadpole 

Embryos and tadpoles from early neurula stages to that of the young frog are 
shown in Fig. 269. In Figs. 269 A-D, the closure of the neural folds is shown. In 
Fig. C a flat eminence arises on the surface of the embryo, extending laterally 
from just in front of the middle of the neural folds. It is caused by the presence, 
under the epidermis, of a mass of mesodermal cells. Since these will later form 
the tissues of the visceral arches the eminence is known as the gill plate. 

Soon after the completion of the neurula there appears a posterodorsal pro¬ 
jection, the tail-bud (Fig. 269) E. It consists at first of a mass of histologically un¬ 
differentiated cells derived from the growth centre around the neurenteric canal. 
It grows out posteriorly and, as it becomes larger, its cells differentiate into the 
various organs and tissues of the tail. Soon after it begins to grow the proctodaeal 
pit breaks through into the mesenteron and, with the posterior end of the mesen- 

teron, forms the cloaca. _ 

Meanwhile, three ridges on the gill plate mark the position of the first three 
branchial arches ; the mandibular and hyoid arches may be distinguishable in 
front of them. Further forwards again, a small elevation overlies the eye which 
is in an early stage of development under the epidermis. On the antero-ventral 
aspect of the head region (Fig. 269) F is the stomodaealpit. Its opening is the future 
mouth and its cavity the stomodaeum ; it does not yet open into the pharynx. 



Fig. 268. Transverse section through 
the anterior part of the trunk region of 
a neurula. 
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Behind it, on the ventral surface of the head, is a pair of shallow depressions each 
encircled by a thickened rim. These are the rudiments of the cement glands which, 
after hatching, secrete a sticky material enabling the young tadpole to attach itself 
to water weeds. Finally, in a dorso-lateral position behind the branchial arches, 
slight elevations indicate the positions of the first two or three pairs of somites. 

At hatching, the young larva has the form shown in Fig. 269 H, I. It is now much 
longer than before. The first external gills, small branched processes, are growing 
out from the first and second branchial arches. A third pair may be appearing 
on the third pair of arches. The stomodaeal pit has still not perforated into the 
pharynx and the gill slits have not yet opened. Since there is no mouth, the tad¬ 
pole continues for the first few days after hatching to nourish itself from the yolk 
in its cells. The posterior ends of the cement glands have fused, forming a single 
U-shaped structure. The eye is still indicated externally only by a projection on 
the side of the head, and behind it another projection marks the position of the 
auditory vesicle, the beginning of the membranous labyrinth of the ear. Just in 
front of the eyes a couple of depressions lead into a pair of olfactory pits (J), which later 
become the olfactory chambers, the openings of the pits becoming the external 

nostrils. The somites are now much more numerous and extend into the tail 
region. 

For some days before hatching the embryo performs occasional twitching 
movements, which are caused by the contraction of muscles developed from the 

somites, but, long before this, cilia on its epidermal cells cause it to rotate quietly in 
its membranes. 


A few days after hatching the tail is relatively very much longer and is 
fringed dorsally and ventraUy by a delicate caudal fin ; the somites can be seen 
differentiated through its whole length. The tadpole swims, like a fish, by 
undulaung movements of its tail. Owing to the transparency of the fin it is a 
good object m which to study the stream of red blood corpuscles circulating 
through capillary blood vessels. The two pairs- of external gills are now longer 

develop “5 b -°° d e circulatin S in them 5 the third pair is rapidly 

developing. At about this time the stomodaeum breaks through into the pha^nj 

The mouth acquires a pair of frilly lips and is provided with a pair of horny^T 

there are horny papillae also on the lips. They are formed^ thicSg ^d’ 

and 1 ^' t° n C eCt0d f.™ al ^omodaeal epithelium and in ori^n, development 

do d nnr arC ?,T d ‘ fferCnt from true J aws and teeth ofthe adult^vhich 

do not appear until during and after metamorphosis. 

towardsff.e'ettode^,^ TK Ching ** of 1 ^eralpouches push from the pharynx 

soon after the fonna“ A ?b^SuwjTf„M 5 P ° UchK - V “V 
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Fig. 269. 
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Fig. 270. A horizontal section through the 
anterior end of a tadpole at the time of 
hatching ; the five visceral pouches have form¬ 
ed but none has yet opened (after Kellicott, 
re-drawn). 


fold is the operculum and the cavity 
beneath it the opercular cavity. Finally 
the operculum fuses with the skin be¬ 
hind the branchial clefts, closing the 
opercular cavity except for a spout-like 
funnel ( L ) which opens on the left side 
of the body. In breathing, water passes 
from the mouth and pharynx through 
the branchial clefts into the opercular 
cavity, and thence out again through 
the funnel. 

As the operculum develops the 
external gills gradually witheraway and 
are replaced by internal gills which dif¬ 
fer from the first set only in being devel¬ 
oped more ventrally on the inter-bran¬ 
chial septa, in being invisible externally 
because they are covered by the operculum, and in being formed on the fourth as 
well as on the first three septa. Both sets differ from the gills of the dogfish in having 
the form of branched filaments and not of lamellae, and in being borne on the outer 

°r tflC * nter '^ ranc ^ ia * se P ta and not on their anterior and posterior faces. 
The form of a fully developed tadpole, at a time when there is still scarcely any 
indication that it will shortly turn into a frog, is shown in Fig. 269 L. The eyes 
external nostrils, mouth, and opening of the opercular chamber are all readily 
vis.b e, but the cement gland has disappeared. There is just one tiny structure 
visible externally which hints at the future frog. At the base of the tail is a pair 
°t tiny hemispherical elevations, the posterior limb-buds, from which the hind legs 
will be formed. The rudiments of the anterior limbs are in the same condition, 

nn,h;nT “ COVCrcd b V the operculum. - There is as yet 

noAmg to suggestthe future fate of the limb-buds for they consist of undifferenti- 
ated mesoderm cells with an epidermal covering. 

y t l K C - attCr u art L ° f SeCOnd month ‘b* lun g* hav e developed and the 

lon^' breathc a ‘ r - For a tirne il ^ both lungs and gilf, but before 
ng the gills degenerate, the branchial clefts close, and thereafter breathing is 

(apar from cutaneous and buccal breathing) wholly by means of lungs The 
tadpole comes to the surface, fills its mouth and lungs with air, and thfn sinks 
down into the depths of the water again. 

Metamorpho sis 

&&XSSSSX 55.tJr;43 sr« 

prominent. At the samf rime l r • ? YCS become lar g er a "d more 

wholly cartilaginoil the Ss beginS in the skeleton (hitherto 

rap Jy and K' and , mUSC “ h ‘ tu ~’ *-elop 
“ ^ shorKn<!d 1111 “ dromes ,he short gu", „f°™2nivoro^ US ' adP ° le 



CHAPTER XXXII 

DEVELOPMENT OF THE CHICK 


DEVELOPMENT BEFORE LAYING AND DURING THE FIRST 

TWENTY-FOUR HOURS OF INCUBATION 

THE OVUM, THE EGG, AND FERTILISATION 

During the phase of growth in the ovary of a fowl, the oogonium enlarges 
immensely by the deposition in its cytoplasm of enormous quantities of yolk, thus 
becoming the huge cell, well known as the ‘ yellow ’ or 1 yolk ’ of a hen’s egg. Now, 
in the ovum of the frog, the yolk is found chiefly in the vegetative hemisphere from 
which it displaces much of the cytoplasm into the animal hemisphere ; in the fowl 
egg the much greater quantity of yolk has the same effect to a much greater degree 
and the protoplasm of the ovum is restricted to a tiny disk, the blastodisk, at a point 
on the surface of the yolk. The blastodisk represents the animal pole of the ovum 
and its position can be recognized by a little patch of white yolk directly beneath 
it. The whole of the rest of the ovum consists of yolk. Because of the enormous 
yolk content, the ovum of the fowl is said to be macrolecithal. It is also, of course, 
an extreme example of a telolecithal ovum. 

The ovum has a primary egg-membrane and upon this the follicle cells deposit 
a secondary membrane, the two uniting to form a single vitelline membrane. 

When the ovum leaves the ovary it is a primary oocyte. 

The first polar body is formed while the oocyte is in the upper part of the ovi¬ 
duct, and the spermatozoon penetrates the cytoplasm even before this but rests 
inert until after the formation of the second polar body. The nuclei of ovum and 
spermatozoon then come together and join in forming the chromosomes and 
spindle of the first division of cleavage (Fig. 272 A). Nothing is known of any 
rearrangement of materials which may occur in the ovum at fertilisation. 

As the fertilised ovum descends the oviduct it receives a series of tertiary egg- 
membranes, the white or albumen, the shell membrane, and the shell. The white consists 
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From Pollen. ■ The Early Embryology 0/the Chick \ Blakiston Company. Philadelphia 
Fig. 271. A diagram of the egg of the fowl. 
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chiefly of proteins and water, and is deposited in several layers, of which the inner¬ 
most is pulled out at opposite poles into a pair of spirally twisted strings, the 
chalazae• External to the layers of albumen comes the shell membrane, a thin 
but tough white lining to the shell. It is in two layers and at the broad end of the 
egg they separate from one another, enclosing an air-space from which the young 
chicken will take its first breath a little before it is hatched (p. 415). Lastly is the 
shell, a calcareous and porous structure enclosing the whole. The function of the 
shell is to provide mechanical protection for its contents and so far as possible to 
reduce the loss of water by evaporation ; evaporation cannot be completely prevent¬ 
ed because the shell must be porous to admit the diffusion of oxygen and carbon 
dioxide through it. The value of the albumen is chiefly as a water supply (p. 414.) 

CLEA VAGE 

The development of the ovum begins before the egg is laid, by which time 
gastrulation may be well advanced. 

Cleavage is quite unlike the corresponding processes in Ampkioxus and the frog. 
The zygote nucleus divides and a furrow appears in the cytoplasm of the blasto- 
disk between the daughter nuclei. This furrow does not extend right across the 
disk, nor through its whole thickness. Next, the nucleus divides again, and the 
division is again accompanied by the formation of a cytoplasmic furrow, at right 
angles to the first. Nuclear divisions, accompanied by the formation of furrows 
succeed one another rapidly and the entire blastodisk is thus cut up into cells ■ it 
is now called the blastoderm. Since many of the cleavages are horizontal, the 
blastoderm is several cells thick. 

The most noticeable point about this cleavage is that the yolk, which is by far 
the greater part of the ovum, remains permanently undivided. That this is caused 
by the displacement of the cytoplasm from aU parts except the blastodisk is shown 
by an interesting experiment. It is possible, by centrifuging, to drive the yolk out 

wh a i UX,, f a i haf ° f fr0g f OVUm into vegetative half, whence practically 
f 15 th «! displaced. The increased concentration of yolk 

sma^f reIk Ca ?L gC “• ^ half ’ and there “ therefore formed a group of 

», U - hC , a !“T 1 f*fT S P here restin g on a ma ss of undivided yolk, very 

much as is normal m the bird. y ’ y 

In all heavily yolked vertebrate ova, such as those of reptiles, birds manv 

Jiribe^inffie dfick^Th^^ deaVage resembl « the process jus* 

blastodisk and bv its r#^ U’ °f cl eavage, characterised by its restriction to a 
olastodisk and by its resulting in the formation of a blastoderm, is called mere - 
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Fig. 273. A vertical section through a chick embryo in an early stage of cleavage, semi- 

diagrammatic. 

Mastic, to distinguish it from holoblastic cleavage in which (as in Amphioxus and the 
frog) the entire ovum takes part in the divisions. 


THE ‘ BLASTULA ’ STAGE 

The blastoderm grows rapidly, extending over the surface of the yolk. It soon 
reaches the stage shown in Fig. 273 in which it consists of an epithelium of cells 
whose peripheral part rests upon the yolk while its central region is separated 
from the yolk by a fluid-filled cavity, the sub-germinal space. The central region 
looks transparent and is called the areapellucida (Fig 274 A), while the peripheral 
zone looks opaque and is known as the area opaca. The body of the embryo itself 
develops in the area pellucida, while the area opaca gives rise to accessory struc¬ 
tures (the yolk-sac, p. 411) which are external to the embryo. Since the blastoderm 
in this stage is monoblastic, the ectoderm, endoderm and mesoderm being still un¬ 
separated, it is regarded as representing in the chick the blastula of Amphioxus or the 
frog ; but since it contains no blastocoele, which is represented by the sub^germinal 
cavity, it is not a true blastula. 


GASTRULATION AMD MESODERM FORMATION 

There is some disagreement about details of what happens in these two pro¬ 
cesses ; the following description is based on a recent account. 

area area #*_ ,,uc,do 

opaca s 


area 
s opaca. 
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Fig 274. Diagrams representing vertical sections through young chick blastoderms, 
in the sagittal plane of the future embryo, to show. A, the endoderm m formation , B, the 
endoderm just-after it has formed the lower layer. 
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Gastrulation 

Gastrulation begins before laying 
when the area pellucida is an epithelium 
one cell thick. From a small region near 
what will be its posterior end, cells 
migrate down into the sub-germinal 
cavity. There they spread throughout 
the whole area pellucida and soon form 
a coherent membrane, the endoderm. At 
the circumference of the area pellucida 
the endoderm joins on to the deeper 
cells of the area opaca and these cells, 
too, must be regarded as endoderm. 

The embryo is now diploblastic and 
gastrulation is complete. Thus we have 
to distinguish between endoderm of two 
quite distinct origins : (a) that formed 
by the migration of cells from the area pellucida into the sub-germinal cavity, and 
(b) that of the area opaca, formed locally from the deeper cells of this region The 
endoderm of the area pellucida forms the lining of the gut of the embryo,' while 
that of the area opaca lines a structure called the yolk-sac (p. 411). 

Gastrulation is usually completed within the first two or three houns after the 
egg has been laid. 

Mesoderm formation 3 the primitive streak 

sumDHve?JL a ma K. Sh °^ ng tbe P robabIc distribution of the more important pre- 
sumptive areas in a blastoderm before gastrulation. The downward migration of the 

abovT^ Ite thC ?° SIt,0n marked in ,he ma P> has be&cn described 
above. Its place ,n the upper layer is taken by the surrounding presumptive 

mesoderm. After the completion of gastrulation, 
the mesoderm lie _.. r 


From Grotr & Xsxrtll, ' Animal Biology \ 
Vniv. Tutorial Prtss 

Fig. 275. The distribution of presumptive 
areas in the chick embryo before gastrulation 
(partly after Jacobson). 
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Fig. 276. A surface view of the 
area pellucida with a primitive 
streak, at about 18 hours. 


the mesoderm cells begin to migrate from each 
side towards the mid-line where they accumulate 
and turn downwards, leaving the superficial 
layer of the embryo and passing into the space 
between the upper layer and the endoderm. 
1 heir accumulation in the upper layer appears 
a longitudinal streak which at first (early in 
the first day of incubation) extends from the 
posterior edge of the area pellucida for quite 
a short distance forward, but at its maximal 
length for about two thirds of the distance to the 
anterior end of the area pellucida. This structure 
is known as the primitive streak. A groove along 
the primitive streak, called the primitive groove 
is merely an expression of the downward migra- 

Arm ? d b f, tween the upper layer and the 
endoderm, thecells migrate laterally and forward, 
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Fig. 277. A transverse section across the primitive streak. 
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away from the primitive streak, towards the area opaca. Thus a third sheet of cells 
is formed between the upper layer (which after the presumptive mesoderm and 
notochord has left it is the ectoderm) and the endoderm, and this is the mesoderm. 
It extends through the whole of the area pellucida except, for a time, into a region 
called the pro-amnion which lies just in front of the primitive streak at its greatest 
length. Peripherally the mesoderm insinuates itself between the ectoderm and 
endoderm of the area opaca so that this region, too, is supplied with mesoderm. 
Since the primitive streak consists of cells waiting, as it were, to pass from the 

upper layer of the embryo into the 
mesoderm spreading S p ace between it and the endoderm, 
area pellucida ev jd ent iy w hen at any point the last 

mesoderm cell has left the upper 
layer, the primitive streak ceases to 
exist at that point (just as a queue 
of people waiting to enter a room 
ceases to exist when the last person 
has gone through the door). It is 
also clear that the further from the 
mid-line any part of the presumptive 
mesoderm was situated in the upper 
layer, the later it will pass through 
the primitive streak, and the closer 
it will be to the mid-line when it 
reaches its final position between 
ectoderm above it and endoderm 
below. The last cells to pass the 
streak at any point are those of the 
presumptive notochord and they 
remain in the midline. The short¬ 
ening of the primitive streak, as the 
migration process is completed at its 
anterior end, begins at about eigh¬ 
teen hours. 


Fig. 278. A diagram of the movements of the 
presumptive mesoderm and notochord cells in the 
embryo chick. On the left, the arrows show (un¬ 
broken lines) the movement of presumptive meso¬ 
derm cells in the upper layer towards the mid-line, 
and on both sides the broken lines show their 
movement away from the mid-line after they 
have passed through the primitive streak. On 
the right, the upper layer is supposed to have 
been removed, exposing the mesoderm (stippled). 
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By this time the area pellucida has lost its circular outline and has become 
pear-shaped, the broad end being anterior. During the shortening of the primitive 
streak there can be seen extending fonvards from it, between the ectoderm and 
endoderm, a rod of cells. This is the notochord (sometimes called the ‘ head pro¬ 
cess ’). 

The final disappearance of the primitive streak does not happen until well into 
the second day. 

Comparison with gastrulation and mesoderm formation in Amphioxus 
and the Frog 

In Amphioxus and the frog, gastrulation involves invagination of the presump¬ 
tive endoderm through a blastopore, inflection of presumptive mesoderm round 
the blastopore lips, and closure of the blastopore by a backward growth of its lips. 

In the chick the endoderm is formed by a downward mass migration of indi¬ 
vidual cells from the area of presumptive endoderm in the one-layered blasto¬ 
derm, into the ‘ blastocoele ’ or sub-germinal space. There is no infolding of a 
coherent membrane, no true invagination. But in all three cases, Amphioxus, frog 
and chick, there is a movement of tissue from the single layer of a blastula stage 
into the blastocoele, establishing the diploblastic embryo. The differences are due 
to the presence of a true blastula with a closed blastocoele in Amphioxus and the 
f ro &> snd not in the chick, and this again is a consequence of the different amounts 
of yolk present in the ova. 

Turning to the mesoderm, its migration in the chick medially to the primitive 
streak, downwards through it, and then laterally away from it, obviously resembles 
its inflection round the blastopore lips in Amphioxus and the frog. The primitive 
streak, then, represents that part of the blastopore (the dorsal and lateral lips) 
around which mesoderm and notochord are inflected. It is as though a circular 
blastopore were pulled out longitudinally until it became very long and narrow 
its lips then fusing so that no real aperture remained. The ventral part of the 
blastopore, through which the endoderm is invaginated in Amphioxus and the frog, 
is represented m the cluck only virtually, by that smaU area near the posterior end 
oi the area pellucida from which the endoderm migrates downwards. 


DEVELOPMENT OF THE NEURULA 

Formation of the neural groove 

rrpvrt ? C presu ?P tive m “°derm vacates the upper layer, the two horns of the 
rescentic area of presumptive nervous material swing medially and posteriorly to 

2 y a * 0ne al ° n g the “id-line of the area pelludda in front of die prSve 
srifl h’u We m r? e re f° n where ^ P rin dtive streak still exists it is on each side 
r^n- aWa l 1Fr ° m th ? mid ' Une b V the Presumptive mesoderm and notochord 
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The head-fold and fore-gut 

The whole blastoderm does not take part in the formation of the embryo itself 
which develops only from the more central part of the area pellucida. But there is 
at first no clear demarcation between the parts of the blastoderm (the ‘ embryonal ’ 
part) which will enter into the formation of the embryo, and the more peripheral, 
or ‘ extra-embryonal ’, part which will not. The demarcation begins, towards the 
end of the first day, with the formation of the head-fold. This is a downward and 
backward fold in the area pellucida, just anterior to the neural plate, by which a por¬ 
tion of the area pellucida is tucked under the front of the neural plate (Fig. 279). The 
head fold consists of both ectoderm and endoderm, and the latterlines a pocketopen¬ 
ing backwards into the sub-germinal cavity(Fig. 295 A, p. 412). This is the anterior 
end of the mesenteron and is usually but loosely called th c fore-gut. Its posterior 
opening is called the anterior intestinal portal. The head fold is transverse to the axis of 
the embryo, but its two ends curve posteriorly, to each side of the neural plate. 

The mesoderm and coelome 

Transverse sections cut in front of the primitive streak show the notochord 
medially, and the mesoderm as a sheet of cells extending peripherally from it on 
each side. The mesoderm is thicker near the notochord than laterally, and this is 
the paraxial mesoderm, while the more peripheral part is the lateral plate mesoderm. 
At about twenty hours of incubation a transverse cleft appears across the paraxial 
mesoderm on each side in a position which later proves to be just behind the rudi¬ 
ment of the membranous labyrinth. Very soon another and similar cleft appears 
behind the first, and the cells between the two clefts arrange themselves as a more 
or less compact, roughly cubical block of cells. These blocks are the first pair of 
somites. Their appearance is the first sign of the metameric segmentation of the 
embryo. As in the frog, they are formed wholly from the paraxial mesoderm 
while the lateral plate mesoderm remains unsegmented, a point of contrast from 
Amphioxus. About an hour later a second pair of somites forms behind the first, 
and then more and more pairs, at the rate of about one pair per hour, are cut off 
from the front of the still unsegmented paraxial mesoderm behind them. By the 
end of the first day three or four pairs have been formed. About 52 pairs of 
somites are ultimately formed, each pair being segmented off from the undivided 
paraxial mesoderm behind them. The last ten pairs later degenerate. 

The lateral plate mesoderm splits into two layers, of which that near the ectoderm 
is the somatic layer and that near the endoderm the splanchnic layer ; the space be¬ 
tween them is the splanchnocoele. Somatic mesoderm plus ectoderm constitutes the 
somatopleur; splanchnic mesoderm plus endoderm makes the splanchnopleur. The 
somites are joined to the somatic and splanchnic layers by a narrow strip of meso¬ 
derm, the nephrotome, from which the three pairs of kidneys later develop. In the 
chick the nephrotome is not segmentally divided and contains no cavity. Each so¬ 
mite has a small cavity the myocoele, but this disappears. The splanchnocoele and 
the transient myocoeles constitute the coelome. The splanchnocoele extends ou 
beyond the limits of the embryo itself, and ultimately round the yolk to the furthest 
limits of the mesoderm. Hence only a part of it will be included in the embryo ; 
this part is called the inlra-embryonal coelome to distinguish it from the more penphera 

extra-embryonal coelome. 
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Fia. 279. An embryo with four pairs of somites. The whole of the area opaca is not shown. 


The blood and the first blood vessels 

While the notochord and the first somites have been forming, the inner part 
of the area opaca acquires a mottled appearance except at its anterior end (Fig. 
279), and this mottling extends into the area pellucida. The mottled region is the 
area uosculoM. The mottling is caused by the appearance in the mesoderm of 
solid clumps of mesodermal cells which form an irregular network. When the 
coelome forms they remain associated with the splanchnic mesoderm and lie 
between it and the yolk. They soon acquire a lumen, so transforming themselves 
into a network of vessels in both area opaca and pellucida. In the area opaca, 

. ^ , arCa pcUucida » *** formation of the lumen leaves solid masses of 

cells attached to the inner face of the vessel walls. These are blood islands. Their 
component cells soon separate from one another and then float freely in the fluid 

shmeTf t^^"^ 6 dCVel ° P haem °g Iobin ^d acquire the oval 

shape of the chick s red blood corpuscles, retaining their nuclei. 

The embryo with 4 pairs of somites (about 23 hours) 

thC W ‘ dth ° f circular blastoderm is about 1 cm. It is divisible 

Blood islandr h arCa ° paca y? a narrower, elongate pear-shaped area pellucida. 
Blood islands have appeared in the area opaca. At the posterior end of the area 

thegTeate^ primidvC Streak > but the anterior and much 

!he El T - haS “TT ^appeared. Anterior to the primitive streak is 
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Fio. 280. An embryo with 8 pairs of somites. Only the inner limit of the area opaca is 

shown. 

swings away on each side from the primitive streak. The notochord continues 
forwards from the primitive streak nearly, but not quite, as far as the anterior end 
of the neural groove. Behind the fourth somite is the still unsegmented paraxial 
mesoderm. 

DEVELOPMENT DURING THE SECOND, THIRD AND FOURTH DAYS 

The embryo with 8 pairs of somites (about 28 hours) 

A comparison of Fig. 280 with Fig. 279 shows a number of differences. 

(1) The head-fold, and therefore the fore-gut, is longer. 

(2) Over a great part of the length of the embryo the neural groove has con¬ 
verted itself into a neural tube the rudiment of the characteristic chordate hollow 
dorsal central nervous system, and this is covered over by epidermis. The inner 
arm of each neural fold, composed of presumptive nervous tissue, fuses with that 
of the other, and a similar fusion occurs between the two outer arms, composed of 
presumptive epidermis. This begins a little behind the anterior end of the neural 
groove, and thence proceeds forwards and backwards. It is soon completed 
anteriorly, but posteriorly the neural groove long remains open behind the latest 

formed pair of somites. ., 

When the neural folds fuse, some of the cells from the apex of each told are 

incorporated neither in the neural tube nor in the over-lying epidermis, and form 



DEVELOPMENT OF THE CHICK 


389 

a strip of cells lying on each side dorso-laterally in the angle between the neural 
tube and the epidermis. These are the neural crests ; they later form the spinal 
ganglia 

(3) The anterior end of the neural tube is expanded to form the first of the 
three primary vesicles of the brain, the fore-brain. Behind this, the mid-brain and 
hind-brain are less clearly indicated but posterior to them the neural tube narrows 
as the spinal cord. 

(4) Eight pairs of somites are present. 

(5) 1° the region of the hind-brain a blood vessel on each side runs outwards 
and backwards from the embryo and connects with the network of vessels in the 
area pellucida. These are the vitelline veins. Immediately anterior to them the 
heart has begun to form. It will be remembered that when the mesoderm is ad¬ 
vancing peripherally from the primitive streak it does not penetrate into a region 
immediately in front of the primitive streak. At about the five somite stage, a 
pouch grows from the coelome of each side towards the mid-line into this previously 
mesoderm-free region, between the endoderm of the fore-gut and the ectoderm 
which the formation of the head-fold has caused to underlie it. These are the 
pericardial pouches. Cells given off from the advancing walls of these pouches 
arrange themselves as two little tubes, running longitudinally one beside the other, 
in the mid-line below the fore-gut. These are the endocardial tubes, the first rudi¬ 
ments of the heart. Posteriorly, each is continued back into one of the vitelline vei ns. 


The embryo with 12 pairs of somites (about 31 hours) 

(!) The backward extension of the head-fold has continued, increasing the 
bng'er 11 ” ^ embiy ° P rovidcd with a ventral body-wall and making the fore-gut 

, Thc fore -> mid '» and hind-brains are now clearly demarcated. The fore- 

&?iJfc^25 nUC t- 0 ! r h S , ide int ° a P romincnt protuberance, the beginning of 

mat^n o?X c™ ** retinac - With thc continued backward for¬ 

mation of the neural folds, the neural tube is longer. 


'cndocardlol cube 



edje of pericardial pouch*%~ 


first arterial 
arch 



vllclllnt vdn 


of embryosat aboJta” F® transvc «= sections 

seen from below (after Patten, altered). “ C an,crior «d of a a 9-hour embryo is 
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(3) Twelve pairs of somites arc present. 

(4) The heart has developed further. The two endocardial tubes have fused, 
forming a single endocardial tube, which bifurcates posteriorly into the vitelline 
veins. The advancing pericardial pouches have folded themselves around the 
tube and have met above and below it. Below it they have fused making the 
splanchnocoele continuous from side to side, but above it the walls of the two 
pouches unite but persist as a mesentery-like membrane, the dorsal mesocardium, 
which suspends the endocardial tube. The latter has increased in length, and, 
since it is attached anteriorly and posteriorly, has been thrown into a curve con¬ 
vex to the right. 

The embryo with 27 pairs of somites (about 48 hours) 

(1) The head-fold has now progressed so far backwards that the entire head 
region is provided with a ventral body-wall. In addition, the head-fold is con¬ 
tinued on each side by a lateral fold which begins to undercut the embryo from the 
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Fig. alia. Left, the anterior end of an embryo with twelve pairs of somites. Right, an 

embryo with twenty-seven pairs of somites. 








DEVELOPMENT OF THE CHICK 


39' 


sides just as the head-fold did from in front, but the lateral folds have as yet scarce¬ 
ly affected the more posterior region. 

In the twelve-somite embryo the developing head lay with its dorsal aspect 
upwards, its ventral surface downwards, and continued the main axis of the body in 
a straight line. In the present stage the general form is greatly changed. The 
head is sharply bent in the region of the mid-brain, so that the ventral spect of the 
fore-brain faces towards that of the hind-brain. This is the cranial flexure. In 
addition, from the region of the hind-brain back to about the level of the sixteenth 
or seventeenth pair of somites (that is, in the neck region) there is a gentle dorsally 
convex curvature, the cervical flexure. Finally, the head now lies with its left side 
downwards and its right side upwards, and is therefore twisted to the left. This 
is the torsion of the embryo. The torsion begins in the head region and moves 
backwards, so that more and more of the embryo comes to lie on its left side. At 
the present stage the torsion has been completed about as far back as the tenth 
pair of somites. 


(2) The fore-brain is further enlarged ; a slight constriction now indicates the 
demarcation of the diencephalon from the telencephalon, and the infundibulum has begun 
to grow out from the floor of the diencephalon. Nearly the whole length of the 
central nervous system is now a closed tube. 

(3) The eye has developed further. When about seventeen somites have been 
lormed the optic vesicle begins to be constricted from the fore-brain from which 
however, it never separates. The constricted base of the vesicle is the optic stalk. 
I he optic vesicle itself comes into contact with the epidermis of the side of the head 

oHhe LT t fvFT 1 C ° maCt ’ t ¥ ckc y- The thickenin g, "*ich h* the rudiment 
the lens, sinks down as a cup-shaped invagination, and at the same time the 

haff TtW h°°’ mvaginalCS ’ its distaI half bei "g folded back Into its proximal 
half. It thus becomes an optic cup, its original cavity being obliterated The lens 

mvagmation separated from the epidermis as a little v«icle of epTtiiehal c^ 

( 4 ) In embryos with about sixteen somites a small thickening appears in the 
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ectoderm on each side just in front of the first somite. These thickenings are the 
rudiments of the membranous labyrinths. Each invaginates below the level of the 
epidermis, forming the auditory vesicle, but for a time remains connected with the 
surface by a narrow endolymphatic duct. The later development of the ear is de- 
scribed on p. 400. 

(5) Soon after the formation of the head-fold the endoderm of the fore-gut and 
its underlying ectoderm come into contact over a small area ; this is the so-called 
oral plate (Fig. 295^.412). Attwodays the oral plate, which has not yet perforated, 
lies at the bottom of an ectoderm-lined depression, the stomodaeum. Growing from 
the roof of the stomodaeum is a deep and narrow pit, the hypophysis, which later 
forms an important part of the pituitary gland. 

(6) During the second day there grow out from the anterior part of the fore¬ 
gut, or pharynx, four pairs of visceral pouches : the hyoidean and three pairs of branchial 
pouches (of course they never bear gills). The first three of these pouches meet depres¬ 
sions in the ectoderm and form openings to the exterior ; the fourth never opens. 
In joining the pharynx to the superficial ectoderm the pouches cut through the 
intervening mesoderm (which in this region is not split into somatic and splanchnic 
layers). The mesoderm anterior to the hyoidean pouch forms the mandibular 
mesodermal visceral arch (cf. dogfish, p. 109), that behind the hyoidean pouch 
forms the hyoidean, and those behind the three branchial pouches form the 
branchial arches. 

(7) Towards the end of the second day a small area of the endodermal floor 
of the pharynx, between the first pair of branchial pouches, is folded downwards. 
This is the rudiment of the thyroid gland. 

(8) At forty-eight hours the heart is not only curved to the right but has be¬ 
come twisted into a loop. Its posterior part, which receives the vitelline veins, 
will become the sinus venosus, the part of the laterally-curving loop nearest to this 
will form the auricles, the greater part of the loop itself will become the ventricles, 
while the narrower and most anterior portion of the heart is the bulbus cordis. 

The bulbus cordis passes insensibly into a very short ventral aorta. As early as 
the 9-10 somite stage (Fig. 281) the ventral aorta bifurcates anteriorly, forming a 
pair of vessels which pass dorsally round the pharynx. This is the first pair of 
arterial arches ; they lie in the first or mandibular visceral arch. Dorsal to the 
pharynx these vessels turn backwards and run posteriorly as paired dorsal aortae, or 
lateral dorsal aortae, lying side by side just ventral to the notochord. Soon after their 
formation each aorta becomes connected posteriorly with the network of vessels 
in the area pellucida. 

In the forty-eight hour embryo there are three pairs of arterial arches, for the 
hyoidean and first branchial arches have been formed behind the mandibular, and, 
like it, connect the ventral and lateral aortae. Each of course develops in the 
appropriate mesodermal visceral arch. The connection of the dorsal aortae 
with the vessels in the areh pellucida has differentiated as a pair of vitelline arteries. 
At a point about mid-way between the last arterial arch and the vitelline arteries 
the two dorsal aortae have fused to form a single dorsal aorta. As development 
goes on the fusion extends anteriorly and posteriorly, gradually forming the single 
dorsal aorta of the adult. The paired dorsal aortae continue into the posterior 
parts of the embryo behind the vitelline arteries. . . , 

Important parts of the venous system have been formed. Opening into the 
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sinus venosus is a pair of duels of 
Cuvier which, like the same veins 
in the dogfish, run dorsally and 
then each divide into anterior and 
posterior cardinal veins, which run 
in the dorso-lateral body-wall 
from the anterior and posterior 
parts of the embryo. 

The area vasculosa has the 
form and distribution of vessels 
shown in Fig. 284. Blood is driven 
by the heart through the arterial 
arches and backwards in the dor¬ 
sal aortae, and from these a large 
part is carried out into the area 
vasculosa through the vitelline 
arteries. Here it traverses a rich 
network of capillaries. Bounding 
the periphery of the area vascul¬ 
osa is a circular vessel, the sinus 
terminalis, which anteriorly turns 
backwards towards the embryo 
and opens into the vitelline vein. 

The sinus terminalis and the 
vitelline veins receive many small 

tributaries from the capillaries of the area vasculosa. Blood returns to the embryo 
in the vitelline veins. 7 

It may here be mentioned that the blood vessels within the embryo develop 
lrom cells of the local embryonic connective tissue independently of those formed 
earlier in the area vasculosa. 

( 9 ) The development of important structures called the amnion and chorion 
begins dunng the second day but is described on pp. 411-413. 

The embryo with 35 pairs of somites (about 3 days) 

W £ arly in the third or late in the second day the area pellucida immediately 

and b ^ t0 the en J br Y° 15 folded beneath it, demarcating the embryo posteriorly 

bodv 3 ! mng , C °J hind -^ ut and ofthe Posterior partof the ventral 

body-wall just as the head-fold did for the anterior end. This tail-fold curves 

head ;? ld d l d Posteriorly), and continues on each side into the 
lateral fold. The endoderm of the embryo now lines : (a) the fore-eut which 

^p C e«of A^bL th r nt d ri d r inteSd ^ al P ° rtal im ° {b) * ^°° ve 0n 

behind through??’ / b ° Unded on , each s,de by the lateral fold and continuing 

bcS ie ‘T W A P°“* of comae® 

fold is L 0f the hmd - gUt and the underi y ! "S e c.oderm of the tail- 

the a “ d “ rvi l cal 8™“® are more marked and the torsion of 

th's ™e r Cam , ed r '° ab ° ut eighteenth somites. In front of 

embryo hes on tts left side, while further back it is still flat on the yolk 


Fig. 284. A diagram of the blood vascular system 
in the embryo and area vasculosa after 44 hours incu¬ 
bation. Arteries black, veins stippled. 
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Fig. 28s. Transverse sections through a three-day chick embryo. The sections were taken 
at levels in the embryo indicated in the diagram in the lower nght-hand corner. 
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(3) When the tail fold has formed, the primitive streak has ceased to exist as 
such ; but at the extreme posterior end of the embryo a mass of undifferentiated 
cells derived from it, and continuous anteriorly with the spinal cord, notochord, 
mesoderm and endoderm, is the tail-bud. It is the small rounded termination of 
the embryo, slightly curved to the right. 

(4) J usl * n front of the tail-bud, and further forward opposite somites 15-20, 
there are two pairs of low swellings, which consist of an accumulation of undiffer¬ 
entiated mesoderm cells with an epidermal covering. These are the anterior and 
posterior limb-buds. 

(5) The most important change in the central nervous system is the first 
appearance of the cerebral hemispheres, which are antero-Iateral out-pushings of the 
fore-brain, opening behind into the diencephalon. 

The whole of the central nervous system is now tubular. 

(6) The beginnings of the olfactory organs are present as little cup-like depres¬ 
sions of the epidermis opening on to the surface. The openings are the rudiments 
of both the internal and external nostrils (p. 399). 

(7) The oral plate has now perforated, placing the stomodaeum in communica¬ 

tion with the mesenteron ; but neither the jaws, nor the true mouth, have yet 
been formed (p. 399). ’ 

(8) By the end of the third day the second as well as the first pair of visceral 
pouches has opened to the exterior, but the third is still closed. 

(9) There are 36 pairs of somites. 

When a somite is first formed it is a nearly solid mass of mesodermal cells but has a 

** centre - A ^tle later its cells become radially 
arranged and the myocoel enlarges but is almost obliterated by a mass of cells which 

? ) ateraIwa11 of the somite - Next, the cells forming the ventral 
nd medial wall of the somite, together with the central core which neafly obliterat¬ 
ed the myocoel, begin to lose their regular arrangement and to migrate in a S e 
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manner around the notochord and spinal cord. These cells are called the sclero¬ 
tome ; they later give rise to the vertebrae. The part of the somite lying just 
below the superficial ectoderm is the dermatome ; its cells later separate from one 
another and form the dermis, or mesodermal component of the skin, at least in the 
more dorsal parts of the trunk. The region of the somite close to the spinal cord 
is the myotome. It becomes folded downwards and extended, forming a plate of 
cells lying internally to the dermatome. Its cells later give rise to the musculature 
of the trunk and to some of the limb muscles. Since the somites are formed first 
in front and then progressively backwards, those situated more anteriorly are in 
more advanced stages of development than those placed further back. 

(i o) The auricle is now expanded into a pair of lobes which will later become 
the right and left auricles but the inter-auricular septum has not yet been formed. 
The large and still undivided ventricle is more clearly marked off from the auricle 
and bulbus cordis. 

(11) The second pair of branchial arches have formed, so that four pairs of 
arterial arches now connect the ventral aorta with the lateral dorsal aortae, 
which are continued into the head as the internal carotid arteries. Posteriorly, they 
have fused to form the single dorsal aorta from a little behind the fourth visceral 
pouch to about the twentieth somites, but behind this are still separate. 

(12) The ducts of Cuvier and cardinal veins are much as at two days, but more 
developed. 

As the head-fold grows backwards, longer and longer stretches of the vitelline 
veins are gathered by it into the body of the embryo, so that they are forced to enter 
it from the area pellucida more and more posteriorly ; at three days they and the 
vitelline arteries leave the body of the embryo together at about the level of the 
twenty-first somites. In addition to this change, the two veins have now fused 
with one another between the heart and the point at which they leave the body ; 
the single vein so formed is the ductus venosus. It passes through the developing 
liver and later breaks up into capillaries in that organ, the part anterior to the 
capillaries receiving two hepatic veins from this new capillary network, while the 
posterior portion ultimately becomes the hepatic portal vein. 


The embryo with 41 pairs of somites (about 4 days) 

(1) In the four-day embryo the circular fold, formed by the union of the head, 
lateral and tail folds, has so reduced its diameter that only a small part of the 
embryo towards the posterior end now lacks a ventral body-wall, while in the 
‘ fore-gut» and ‘ hind-gut ’ are now included nearly the whole of the alimentary 

Cail (2) The whole of the embryo now lies on its left side, the torsion having ceased 
to exist after reaching the posterior end. The cranial and cervical flexures are as 

6 °(q) The limb-buds are much enlarged and the mesodermal cells of which they 
consist are condensed in the axes of the buds in preparation for the formation ol 


skeletal tissues soon to appear. . 

(4) A large bladder-like body is attached by a narrow neck to the pGStenor 

part of the hind-gut. This is the allantois, an important organ to be dealt with o 
PP ‘ S S Tte neural crest (p. 389) has now divided itself on each side into a series 
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of segmentally-arranged groups of cells, the rudiments of the spinal ganglia Their 
cells become sensory neurones and from each there grows ap axon which pene¬ 
trates into the dorsal part of the spinal cord, and a dendrite which grows peri¬ 
pheral^ to the skin or elsewhere. While they are forming, the ventral roots appear 

as segmentally arranged groups of axons growing out of the ventral part of the 
spinal cord. r 

the neurllTn het d C are , f ° rmed , from ccUs originally derived some from 

tne neural crest and some from the spinal cord. 

r j ird F a ‘ r vlsceraI pouches opens to the exterior towards the end 

% 7 h? h y ’ t T the SCCOnd The fourth never to the icterior 

i- , \ h ‘ ea J 1 J as now an endothelial lining (the wall of the original endo- 

Toth hC), A V muscular coat > the myocardium, and an outer connective tissue 
sheath covered by flat pavement epithelium, the epicardium. Both myocLdTm 

and epcardmm are derived from cells of the inner pericardial wall. 

a. thl da v r &c=o^h the hCart d °" n °‘- differ greaUy fr0m th <= condition 
mnnt f ? . pt ^ thc s,nus ven °sus is situated more dorsaUy the arrange 
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is as it was a day earlier except for the presence of a pair of allantoic veins which run 
forwards from the allantois to open into the sinus venosus. 


THE LATER DEVELOPMENT 

The following paragraphs contain brief accounts of the later development of 
only certain selected organs. 


General external form 

The embryo at four days shows little obvious resemblance to the young bird 
that will be hatched seventeen days later. The absence of skull, beak and jaws 
makes the shape of the head depend directly on the form of the brain, eyes, and 
pharyngeal region. Because of the cranial flexures and the fact that there is no 
neck, the head is bent round ventrally and its anterior end is pressed against the 
heart. The heart itself is at first far forward in the region that will later be the 
neck. The form of the limb-buds in no way suggests that of the wings and legs. 



7 day s 7 houn 



Fig. 288. Chick embryos at four stages of 
incubation (after Keibcl and Abraham, re- 
drawn). 


The undeveloped state of the alimentary 
canal leaves the region of the abdominal 
viscera small. At five days the heart lies 
more posteriorly, with the result that the 
neck is now indicated between it and the 
head, and at the same time the cervical 
flexure becomes less marked. The en¬ 
larging mid-brain is responsible for a 
great protuberance, and the eyes are 
relatively larger. The limb-buds are 
longer. Their distal ends arc expanded 
and the digits begin to be indicated by 
grooves between them, while curvatures 
begin to show the position of the prin¬ 
cipal divisions of the limbs. At seven 
days the further retreat of the heart 
into the thorax leaves a very obvious 
neck in which the cervical flexure is 
much decreased. Just behind the eye 
a small aperture is the external auditory 
meatus ; birds have no pinna. There 
is no external trace of visceral clefts. 
The jaws having now appeared, the head 
is beginning to take on its characteristic 
beaked form. The more advanced dev¬ 
elopment of the abdominal viscera now 
makes a large ventral protuberance be¬ 
hind the heart. The parts of the limbs 
are more completely indicated than at 
earlier stages. In some areas, small 
rounded papillae are early stages in the 
development of feathers. By ten days 
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From Pollen , 1 The Early Embryology of Ike Chick \ 
Blakiston Company, Philadelphia 

Fig. 289. The ventral aspect of the head of a 
four-day chick embryo. 


the embryo is still more bird-like, 
especially because of the much more 
advanced condition of the limbs. 

Hatching is described on p. 415. 

The jaws and face 

The 4 face ’ of a four-day em¬ 
bryo show a deep depression, the 
beginning of the buccal cavity , which 
opens into the pharynx through the 
aperture made by the perforation 
of the oral plate (p. 392). Being 
lined by ectoderm it is a stomo- 
daeum. Anterior to it on either 
side is the olfactory pit whose 
cavity communicates by a groove, 
comparable with the oronasal groove of the dogfish, with the buccal cavity, 
hach olfactory pit is bounded by a medial and a lateral nasal process ; between 
the two medial processes a frontal process overhangs the mouth. The buccal 
cavity is bounded behind by a pair of prominent ridges meeting one another in 
the mid- me ; these are the mandibular arches. A forward continuation of each 
mandibular arch, its maxillary process, forms a ridge bounding the buccal cavity on 
each side. The mandibular arch with its maxillary process is the first mesodermal 

r v^ r H ben , t . l ar ° und ,hc an gles of the buccal cavity (cf. dogfish, p. hi). 
Bchmd the mandibular arch lie the hyoidean and two branchial mesodermal 

a fie together ^ar Tth ^ nasa1 ’ and processes 

T 8 , d hen grOW out forwards to form the upper jaw, while the 
mandibular arch grows out beneath them as the lower jaw. The fusion of the 

on ea hTd ^” ith the P™. roofs over the oronasa, ^v 

buccafclvit; TZ 1 - int ° a r which from 1116 olfactor V P** the 
thrill u Pemng , S ° f thc two groove* into the buccal cavity are 

tres Thl I 2 *™’ * ° ngin ! 1 L eXternal 0 P e nings of the pits being the external 

repid?riis eak ,S SUPP ° rted by 1,16 b ° ny but is i-df - hoiy product o 7 
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forms the vascular connective tissue which constitutes the outer layer of the iris. 
Both layers of the iris are pigmented. The sclerotic coat continues across the 
pupil, forming the outer wall of the external chamber of the eye and becoming 
transparent as the cornea. The conjunctiva is the epidermis overlying the cornea and 
the free surface of the eye-ball. 

The vitreous humor is a secretion of the optic cup. 

The ear 

Early on the fifth day the endolymphatic duct separates from the surface and later 
grows dorsally over the hind brain where its end becomes swollen. The auditory 
vesicle itself undergoes complicated changes resulting in the formation of the 
utriculus with its semi-circular canals and the sacculus, from which is given off a 
process, the lagena, corresponding with the mammalian cochlea but not spirally 
coiled. 

The middle ear and Eustachian lube are formed partly by the first visceral pouch 
and partly from a neighbouring region of the pharynx. The external auditory 
meatus develops as an ectoderm-lined depression of the surface of the head ; the 
bottom of this pit comes into contact with the middle ear, the intervening mem¬ 
brane being the tympanum. 


Alimentary canal, respiratory organs, and associated structures 

Buccal cavity and the pituitary gland. The formation of the buccal cavity, jaws and 
beak are described above (pp. 392, 395, 399). In eight day embryos the hypophysis 
is still joined to the roof of the buccal cavity but its tip is differentiating to form the 
anterior lobe of the pituitary gland. The remainder of the pituitary is contributed 
by the infundibulum of the diencephalon. Later, the connection between the 
anterior lobe and the buccal cavity disappears. 

The pharynx and its derivatives. The external openings of the visceral pouches 
close during the fourth and fifth days. The first pouch persists as part of the 
middle ear. The remainder disappear, but the thymus gland is formed on each 
side from epithelial cells of the third and fourth pouches. 

The two thyroid glands originate as a little sac which cuts off from the pharynx 
and then divides into two. Each sac transforms itself into .the multitude of tiny 


vesicles characteristic of the gland. 

During the second and third days a groove appears in the floor of the pharynx 
behind the last pair of visceral pouches. This is the rudiment of the trachea, 
bronchi and lungs. At the end of the third day a sac-like protrusion, the lung, is 
growing out on each side from the posterior end of this groove. As the lungs grow 
backwards the median groove separates from the pharynx as a tube, the trachea, 
which retains its anterior opening into the pharynx as the glottis. 

The remainder of the gut ; the liver and pancreas. When the endodermal portion 
of the gut (pharynx to rectum inclusive) is first formed by the head-, tail-, and 
lateral-folds, it is a simple tube in which regional differentiation into pharynx, 
oesophagus, stomach, etc., is brought about by differential growth of its various 

regions and the histological differentiation of their tissues. , 

The rudiment of the liver appears towards the end of the second day as tvvo 
outgrowths from the floor of the fore-gut, one in front of the other and both 
developed just behind the future stomach. These two liver diverticula branch and 
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anastomose, forming a network of cells around the ductus venosus (p. 396). This 
network becomes the liver, while the original connections with the gut persist as 
the two bile ducts with which the fowl is provided. The liver is thus endodermal. 

The pancreas is formed from three outgrowths of the fore-gut close to the liver 
diverticula. The ends of the outgrowths give rise to the glandular parts of the 
pancreas while their connections with the gut become the three pancreatic ducts. 

In the adult bird the rectum and urino-genital ducts discharge into a common 
cloaca. This is partly formed by enlargement of the posterior end of the intestine 
and partly from the proctodaeum. 


The blood vascnlar system 

The blood. The first blood corpuscles develop in the area vasculosa (p. 387). 
Later, formation of blood ceases at this site, and from about thirteen or fourteen 
days onwards throughout life the formation of red corpuscles and of some kinds of 
leucocytes occurs in the bone marrow. 

Heart and arteries. As in mammals (p. 246), the sinus venosus becomes incorpor¬ 
ated in the right auricle, the formation of inter-auricular and inter-ventricular septa 
divides the auricle and ventricle each into right and left chamber,, while the bulbus 
cordis ceases to exist as a separate chamber, suffering a series of changes rather 
different from those described in the mammal. The changes in the arterial arches 
in general resemble those in the mammal except that it is the right, and not the 
lelt, fourth arch which becomes the systemic arch in the adult bird. 


Pericardium and splanchnocoele 

The dorsal mesocardium, which at the twelve somite stage suspended the heart, 
. ater disappears except at its antenor and posterior ends, so that the pericardial 
division of the coelome becomes continuous from side to side above, as well as 
below, heart. At first the pencardial cavity is widely open into the peritoneal 

7 Theluni , Ut C ° nnC u Ction J s Ia ; er severed by the septum transversum (p. 
103). The lungs, too, become shut off each in its own coelomic pleural cavity but 
birds form no true diaphragm. y DUt 

a ^T, h fi SP f lan !i hl i lOCOele *• divisiblc imo intra ' and extra-embryonic portions which 

Zl ,n, ° each ° ,h " and la " r remain connM ' d 


Excretory organs 

d««!ui? rdS r M in / nami " als > P ro '» me so-, and meta-nephroi are formed all three 

Jrasasta;?-'— 

a-'isiva; 
zs-jsz dr ■asss 

backwards and fuses with the nett ‘ tubule»IShrfV** ^ grmvs 

archincphric or segmental duct , which is at fim^olid bur ster * ! ° ngltudinaI 
grows backwards to open imo the doaca aCqUireS 3 Iumen ’ ^ d 
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The pronephros of the chick is an in¬ 
teresting example of a ‘ vestigial organ 
persisting in a reduced condition after the 
loss of its original function perhaps because 
of the part it plays in forming the archineph- 
ric duct which, since part of it becomes the 
Wolffian duct, is by no means functionless. 

The mesonephroi. The formation of the 
mesonephroi begins towards the end of the 
second day. Mesonephric tubules are finally 
formed in all segments from the 13th or 14th 
to the 30th, but in front of the 20th they do 
not develop fully. They are formed from 
nephrotome cells and each opens at one end 
into the segmental duct, while at the other 
end it expands and folds around a little knot 
of capillaries, the glomerulus, forming a Mal¬ 
pighian body. 

Nephrostomes are formed on only a few 
of the more anterior tubules, which soon 
disappear. Several pairs of mesonephric 
tubules are formed in each segment ; their formation is completed during the 
fourth and fifth days ; later (6-9 days) the tubules elongate and become convoluted, 
forming a large organ on each side in which the segmental origin of the tubules 
can no longer be recognised. The part of the segmental duct into which the 
mesonephric tubules open, and its backward continuation to the cloaca, is the 
mesonephric or Wolffian duct. 

The mesonephroi are the functional kidneys during the early part of embryonic 
life. They begin to degenerate on the tenth or eleventh day and (with the ex¬ 
ception of those tubules which form the vasa efferentia in males) have disappeared 
when the young bird is hatched. 

The metanephroi. Towards the end of the fourth day a diverticulum arises on 
each side from the Wolffian duct just in front of its opening into the cloaca. It 
grows forwards dorsal to the mesonephros as far as the 25th pair of somites. This 
is the metanephric duct ; it gives rise to the ureter of the adult and, by branching, to the 
collecting ducts of the adult kidney. As it grows forwards it carries with it cells 
derived from the nephrotome of segments 31-33- These cells differentiate to form 
the metanephric tubules, each of which opens into a branch (collecting duct) of the 
ureter at one end and forms a Malpighian body at the other. The tubules are 
formed on the seventh and eighth days and the entire kidney in the succeeding 
three or four days. There are no nephrostomes. The metanephros is a functional 
kidney in the second half of embryonic and in the whole of adult life. 

Later in development, the metanephric duct or ureter comes to open into the 

cloaca instead of into the Wolffian duct. 

The reproductive organs 

The gonads. The essential elements in every developing gonad are th tt gonocytes 
or cells which give rise to the gametes. They have a surprising history for, while 


Female Male 

degenerating ^ 

mesonephric ' 



From Patten, ' The Early Embryology of the Chick \ 
Blakiston Company , Philadelphia 

Fig. 290. A diagram illustrating the 
development of the excretory and repro¬ 
ductive ducts. Female on the left, male 
on the right. 



DEVELOPMENT OF THE CHICK 





^«^riec^ne»mnephr^^‘tl^^^l«| , ^°c^^to W fo^n t vasa C cffcrenUa C, The 

‘^HoffSTor SrXl'SS iSsSSir 1 ^ ofthe part drawn (after *«*« 

the gonads do not arise until comparatively late in development, the gonocytes can 

f V C K d t K baCk ‘n u C 7- earl T. StagCS - Jt is even said that in frog the cytoplasm 

nlle h nf h f h hCir ^ ™ ^ bc formed can bc reco .?nised near the vegetative 

?nd«H f hC n nd Tt ed OVUm ' In thC Chick> they are first detected among the 
endoderm cells of the anterior part of the area pellucida in very early stages 5 

Later they migrate away from this situation through the blood vessels and arc 

found again in a pair of ridges, called genital ridges, which project from t^e roof 

the splanchnocoele just median to the mesonephroi. The genital ridecs first 

£ become “ 

5 : iw ° -—» Mssr 
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ova. After their formation, there is a second downgrowth of cells from the super¬ 
ficial epithelium (germinal epithelium, consisting of coelomic epithelial cells and 
gonocytes. These invading cells arrange themselves in small groups, the primary 
follicles, whose subsequent history has been described (pp. 354-356). Only the 
left ovary develops in birds, that of the right side regressing after it has reached the 
stage of the indifferent gonad. 

The reproductive ducts. In males some of the mesonephric tubules become the 
vasa efferentia and the Wolffian (mesonephric) ducts become the vasa de/erenlia. 
In females they disappear. 

Paired Mullerian ducts develop in the embryos of both sexes. Each arises as a 
groove in the coelomic epithelium in the anterior part of the peritoneal cavity and 
this then closes over into a tube which grows back to open into the cloaca. In 
males both Mullerian ducts, and in the females that on the right side, later dis¬ 
appear more or less completely. The left duct persists in the female as the single 
oviduct of the adult. 

The three periods of sexual development. At first the gonads and the Wolffian and 
Mullerian ducts develop similarly in both sexes, but this first period of sexual 
similarity is succeeded by one in which sexual differentiation becomes apparent. 
Even at hatching, however, neither the gonads nor the reproductive ducts have 
yet reached maturity, and for this they must wait until puberty. At that time not 
only the gonads and the reproductive ducts, but also such other secondary sexual 
characters as the sexual instincts, the combs and wattles, the sexually distinctive 
plumage, and in mammals various structures like the mammary glands, the beard 
or the horns, finally reach their full development, along with sexual potency itself. 



CHAPTER XXXIII 


EARLY DEVELOPMENT OF MAMMALS 

EGG, OVUM AND FERTILISATION 

We have seen that the amount of yolk in the ovum is very much greater in the 

bird’s egg than in that of the frog and here greater than in Amphioxus. In this 

respect the eggs of reptiles and of the two egg-laying mammals, the platypus 

(' Ormthorhynchus ) and the spiny ant-eater {Echidna), resemble those of birds ; in 

addition, their eggs have tertiary egg membranes (shell, egg-white) resembling 

those of birds and the cleavage of the ovum is meroblastic. All the remaining 

mammals are viviparous. Since this makes it possible for the mother to supply 

food to the embryo while it is developing, the need for a store of food included 

within the ovum is greatly lessened and the ova of viviparous mammals contain 

very little yolk and are therefore small. In addition, the protective egg-shell and 

the egg-white have practically disappeared. In different higher mammals the 

ovum ranges in diameter from o. t to 0.3 mm.; in Man the figures are o. 115 to o. 1 *u 

and ,n the rabbit o.u to o.i 2 mm. Compare this with 0.11 to 0.13 mm in 

Amphioxus and nearly 4 cm. in the fowl. The ova of the viviparous mammals arc thus 

mcrolecithal, resembling those of Amphioxus, but they are secondarily so, for mammals 

have undoubtedly descended from ancestors with heavily-yolked telolecithal ova 

* kC wl OSC °i ** platypus ’ ^ spin y ant-eater, the reptiles and the birds 

v mamma ian ovur " leaves thc ovar Y ‘t has a.transparent sheath, the 

an 7 * Pparen ,? y Secrcted up ° n il b V the <*U» of the Graafian follicle (p. 356) 

and therefore a secondary egg-membrane. The term corona radiata is applied to a 

number of follicle cells which often remain for a time attached to the zona^ellucida 

In some mammals, including the rabbit, a small quantity of albumen mav be 

f„ a t f. 0n t0 the surface ofthe ovutn ^ it passes down the oviduct. The albuLen 

bU ‘ h “ 0n]y ‘ No other tertia™ 

for Ae1Sl° n p “ ( d p . th 3 e 5 7 C r Ple,i0n " b "" 


CLEAVAGE 

As the ovum passes down the oviduct cleavage begin-! and In ,u- 

approximately equal size. Since the microlecithal coTdifinn lc ’ ?° reover ’ of 
of course, is the holoblastic cleavage condition is secondary, so also, 

cells^iif v^ch^^uperfidaMayer^otm’becomes’disting^j^abk froni^tlws^more* 
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FERTILISED EGG 


2-CELL STAGE A CLEAVAGE STAGE 


Inner cell mass 


inner cell mass 



zona pellucida 



zona pellucldo 


t rophoblast 


SECTIONS SHOWING STAGES IN THE FORMATION OF THE BLASTOCYST 



A VERTICAL SECTION THROUGH THE EMBRYONAL REGION OF A BLASTOCYST 

SHOWING FORMATION OF THE ENDODERM 

_ fir Nrrrell. • Animal Biology \ Univ. Tutorial Press 


FIG. 292. Stages in the early development of the rabbit. 
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deeply situated. The superficial layer is the trophoblast and the internal cells are 
known as the inner cell mass. Soon fluid accumulates between these two, with the 
result that a vesicular structure is formed to whose wall, the trophoblast, the inner 
cell mass is attached. The cavity enlarges and the inner cell mass becomes 
flattened. The whole structure is called the blastocyst or blastodermic vesicle. By 
the time it has been formed, the embryo has arrived in the uterus, to whose 
wall it becomes closely attached (implantation, pp. 415.416). 


GASTRULATION , MESODERM FORMATION, FORMATION OF THE 

NEURULA 

The flattened inner cell mass is known as the embryonal disk, and, since ecto¬ 
derm, endoderm and mesoderm are still not separated, it represents all three germ 
layers of the embryo and corresponds with the area pellucida of the chick before 
gastrulation. Gastrulation is not fully understood in mammals. Shortly after 
the formation of the embryonal disk its lower cells arrange themselves as a distinct 
epithelium, the endoderm. This grows in all directions forming a layer of cells 
form f e ^ Ct0dermal ^Pboblast. It is possible that this layer ff cells ultimately 

fndTd^f f C ^ tra ' emb ^ 0nal L end ° dCrm 1,1 Which case “ corresponds with the 
endoderm of the area opaca in the chick. 

At this stage the embryonal disk is internal to the trophoblast which is in con- 
cmUonaldisk d Cr -T ^ the immediately above the 

mammals, including man (but probablv not th llm thc , chick - In man y 
notochordal process and opens on * ™ hhlt ) 3 Canal ruas throu & h the 

to the surface immediately in front 
of the primitive streak. The lower 
wall of this notochordal canal fuses 
with the endoderm below it, and 
the cavity of the canal now opens 
into the cavity of the yolk-sac (see 
below). It is possible that the en¬ 
doderm which will line the gut of 
the embryo is derived from the cells 
of the lower wall of the notochordal 
canal, while the cells of its upper 
wall form the notochord. 

The mesoderm migrates away 
from the primitive streak around 
the blastodermic vesicle between 
the trophoblast and the extra- 
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From Grove & Newell, * Animal Biology 
Univ. Tutorial Press 

Fig. 294. A surface view of the 
embryonal disk of the rabbit. 


embryonal endoderm, in many mammals as 
far as the pole opposite the embryo, but in the 
rabbit only as far as the equator. Its further 
history is essentially as in the chick. Peripher¬ 
ally to the embryonal disk, the somatic meso¬ 
derm underlying the trophoblast forms with 
it the extra-embryonal somatopleur or chorion 
(see p. 411), while the splanchnic mesoderm 
with the endoderm underlying it forms the 
extra-embryonal splanchnopleur, or yolk-sac 
(see p. 416). The area vasculosa develops 
around the embryo in the extra-embryonal 
splanchnic mesoderm as in the chick. 

The formation of the neurula does not 
differ in any fundamental respect from the 
corresponding process in the chick. 


COMPARISON WITH GASTRULATION AND MESODERM FORMATION 

IN MEROBLASTIC EMBRYOS 


In discussing the chick, we saw (p. 385) how its mode of gastrulation and meso¬ 
derm formation were attributable to its meroblastic cleavage, and therefore to the 
huge mass of yolk in its ovum. In viviparous mammals, animals with secondarily 
microlecithal ova and a consequent secondarily holoblastic cleavage, we find that 
in three respects of fundamental importance they resemble, not the primarily 
holoblastic frog and Amphioxtis, but the meroblastic reptiles and birds to which 
they are more closely related. 

(1) Whether the description of gastrulation given above proves to be in all 
respects accurate or not, there is no doubt that gastrulation in mammals more 
closely resembles the corresponding processes in reptiles and birds than it does 
those of holoblastic forms. This is especially so if the intra-embryonal endoderm 
is formed from the floor of the notochordal canal, for this is what happens m rep- 


tllCS (2) The formation of a primitive streak, and the presumed migration of 
presumptive mesoderm cells through it, closely accords with the process in 

birds 

^ (i) As in birds and reptiles, the ovum gives rise to a large structure, the 
blastocyst, only part of which (the embryonal disk) contributes directly to the 
formation of the embryo, while from the remainder there ■develop ;a variety of 
structures (yolk-sac, amnion, chorion, etc., pp. 416-420), which are concerned 

the protection and nutrition of the embryo. . .. n 

The blastopore is represented in birds by the site of the downward nugration 
of the presumptive endoderm before the formation of the primitive streak, and by 
the primitive streak itself. In mammals, it is again represented by the primitive 
streak but also by the opening of the notochordal canal in those forms in which 

this structure is formed. 
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DEVELOPMENT OF THE EXTERNAL FORM 

Both chick and mammalian embryos develop at first spread out on top of thy 
yolk-sac or blastodisk, and both are provided with their lateral and ventral bode- 
walls by essentially similar processes of foldings (head, lateral and tail folds). An 
early stage in the formation of the head fold in the human embryo is shown in 
2 97> P- 4 r 7- The mammalian embryo in its later stages is called a foetus. 
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CHAPTER XXXIV 


NUTRITION, RESPIRATION, PROTECTION AND EXCRETION : 

THE EXTRA-EMBRYONAL MEMBRANES 


Embryos, like adults, require food and oxygen and we must next enquire how 
their needs are provided for in the different types of egg. 

Foods can be conveniently classified into groups : water, other inorganic 
foods, and organic foods. If to these we add oxygen, we have four classes of 
materials with which the developing embryo must somehow be supplied. 


AMPHIOXUS AND THE FROG 

In Amphioxus and the frog organic materials are supplied in the form of yolk 
and no other organic food is available until the larva begins to feed itself. So far 
as this class of food material is concerned the embryos of both Amphioxus and the 
frog are self-sufficient. 

It is otherwise with oxygen, water, and inorganic materials. Oxygen diffuses 
in from the external water. The ova of both animals contain a certain quantity 
of water, but in neither is the amount sufficient to enable the embryo to complete 
its development, and in both additional water enters the developing embryo from 
the environment. In marine ova generally, and no doubt therefore in Amphioxus , 
the same is true of inorganic salts, the stock of which is increased from the surround¬ 
ing sea. The ovum of the frog, on the other hand, developing in fresh water whose 
salt content is very low, contains a supply of salts sufficient to last till the young 
tadpole begins feeding. The necessities of its environment thus force the frog to 
make its embryos more self-sufficient than those of Amphioxus. 


THE CHICK 

The chick embryo,' lying on its yolk and immured in its shell, lives almost in a 
little world of its own. Its great store of yolk provides not only its needs of organic 
foods but also most of the necessary inorganic substances ; it is, however, interes - 
ing that a large part of the calcium so much needed by the embryo, especially for 
the formation of its bones, is in the later stages of development removed from the 
calcareous shell and transported into the embryo. Living on land. and in a sheU 
which must be porous to admit oxygen, its obvious danger is desiccation. Now, in 
the frog, the tertiary egg-membrane or jeUy is protective and in evoluUon this was 
doubtlfss its original function. In birds, protection is afforded by the » heU . and ^ 
egg-white (which like the frog’s jelly is a mixture of proteins and water and, again 
like it, is a secretion of the oviduct) acts as a reservoir from which the: growmg 
embryo draws the water it needs as it gets bigger. Thus the chick egg and embryo 
has attained to a self-sufficiency still greater than that in the frog for even its water 

15 P No ment^n'has^yct been made of.be need for getting rid of nitrogenous excreta 

4 IO 
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or at least of rendering them harmless. In Amphioxus and the frog excretory sub¬ 
stances diffuse away into the virtually infinite volume of surrounding water, with 
or without the action of excretory organs according to the stage of development. 
Most vertebrates excrete their nitrogenous wastes as urea , a soluble and rather 
toxic substance. Urea cannot diffuse away from an egg lying on land and the 
embryo lacks the water which would be required so to dilute it as to reduce its 
concentration below a dangerous level. It is thus interesting to find that both 
embryonic and adult birds and reptiles eliminate excess nitrogen not as urea but 
as uric acid, a much less soluble substance which is excreted as a suspension of solid 
crystals suspended in a very little water. In the embryos it is stored in an organ 
called the allantois (p. 413). 

We must now study the morphological mechanisms concerned in the nutrition 
respiration, and storage of excreta in the chick embryo. 


The yolk-sac 

The chief source of food is the yolk. This is digested by the endoderm cells of 
the area opaca and the products of digestion reach the embryo in the area pellucida 
at first by diffusion but later through the capillary network in the splanchnic meso¬ 
derm of the area vasculosa and the vitelline veins. Thus the extra-embryonal 
splanchnopleur is the food-absorbing organ of the embryo. As the embryo en¬ 
larges, needing ever greater supplies of food, the blastoderm extends over the yolk 
It remains divisible into the area pellucida and area opaca, while in the area opaca 
there can be distinguished a peripheral art* vitellina, into which the advancing 
mesoderm has not yet penetrated, and the more central area vasculosa The 
boundary between the area vasculosa and the area vitellina is the sinus terminalis 
p ii 393 i' L about „ slX da y $ the area opaca has enclosed practically the entire 

to exist^ th rh V f of the . area s ° on bccomcs vascularised, the area vitelhna ceasing 
to exist. The extra-embryonal coelome becomes very voluminous and extends 

right round the yolk which is now wholly enclosed in a sort of bag formed by the 

Spla h nchn °P leur a " d <^ d yolk-sac. From the inner sud^ 
hlmh- y ?' $aC branchin & partitions grow down into the yolk and by the time of 
I^fh h h- 3 SP ° ngy maSS P enetratin g right through it ; the endoderm cells 
“ Ch th K y r e m 0V 7 ed digest the yolk and the products of dYgeldon are 

vS Y 6 VCSSelS Whh Which the whoIe V oIk - sac « liberally pro¬ 
in addition the y° lk aIs ° Prides inorganic materials and water • 

tzzr - into k from the " e before ^ 

The amnion 

sSSSHSF'S-s; 

embryo, beginning to cowrit with a double f roof V ThJ fold' 3 , b f ckwards ov , er thc 

is covered with ectoderm anH lin«rt -.u •’ 1 he fold, bang somatopleural, 

par, of 4c ^ ^ryTSL^n uZZ * A <■ • 

grows backwards, it covers over more and more of ihet f / W « 

wid, a doubie roof of soma,opienr. 
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Fig 2QS. Diagrams of three stages in the formation of the embryonal membranes m 
the chick ,4 Head and tail folds of the amnion ; B, the allantois pushing into the extr 
fmbioial between the — and the chorion; C, the folly-fomted mem- 

branes. For simplicity, the srro-amniotic junction is omitted. 
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resembling the head fold but growing forwards, and the head and tail folds are 
joined by their lateral arms, the lateral folds of the amnion. The embryo is now 
nearly completely covered by a double roof growing centripetally over it from all 
sides, and the uncovered region becomes rapidly smaller. At last the embryo is 
completely roofed over by two membranes, one formed from the inner and the 
other from the outer arm of the somatopleural folds. The two membranes are 
completely separate except for a small region over the posterior part of the embryo 
where the centripetally growing folds finally closed ; here the inner and outer 
membranes remain connected. The outer membrane, which is continuous with 
the rest of the chorion, is known by that name. The inner is the amnion. The 
connection between the amnion and chorion is the sero-amniotic or chorio-amniolic 
junction. 

The amnion consists of ectoderm on the side towards the embryo backed by 
somatic mesoderm on the side remote from the embryo. The chorion similarly 
has a covering of ectoderm (facing towards the shell) and is lined on the face re¬ 
mote from the shell by somatic mesoderm. The space between the embryo and 
the amnion is the amniotic cavity. It is lined by ectoderm and filled with amnioiic 
fluid. The space between the amnion and the chorion is part of the extra-embryonal 
coelome. The function of the amniotic fluid is believed to be to provide for the 
embryo an environment in which the pressures acting upon it shall be equal in 
all directions, as they are in aquatic embryos, and as they would not be were the 
embryo in contact with the hard shell. The amniotic cavity has therefore been 
described as the embryo’s ‘ private pond ’. In addition, smooth muscle fibres 
appear in the amnion and these, contracting slowly and rhythmically, gently rock 
the embryo, preventing the formation of adhesions between the amnion and the 
embryo with consequent abnormal development. The head-, lateral-, and tail- 
folds of the amnion must be carefully distinguished from the folds by which 

the embryo is lifted away from the yolk and provided with its lateral and ventral 
body wall. 


water-supply, and storage of uric acid j the allantois and 

The egg shell and the shell membrane beneath it are permeable to gases At 
first, the embryo obtains enough oxygen for its needs by the simple diffusion of 

frnvI, hrOUg K th t ShC 1 ; _r n ° d ° ubt ’ t0 °> the “Paries of the area vasculosa act as 
• ygen-absorbing surface. The later embryo, however, is very bulky and its 

^ " by — ° f a -Pi-4 organ, 

1 . n the fourth da y» a b,ind diverticulum grows out ventrally from the 
hmd-gut mj^ the extra-embryonal coelome. This is the allantois. Because of to 

mJod^ ifis ie? f ^ int ' rnal ! y and “ COVered ««™lly by splanchnic 
esoderm. It is therefore splanchnopleural. During the fifth dav it herr,m~ o 
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endoderm, and, between these, connective tissue derived from the fused chorionic 
(somatic) and allantoic (splanchnic) mesoderm. The developing allantois is 
vascularised by the allantoic arteries and veins and when the chorio-allantois is 
formed it is served by this blood supply. Oxygen diffusing inwards through the 
shell and shell membrane is taken up by the blood in the chorio-allantoic capil¬ 
laries and transported to the embryo in the allantoic veins ; thus the chorio¬ 
allantois is the respiratory organ of the later embryo. 

The provision of a respiratory organ by no means exhausts the functions of the 
allantois. The embryo obtains part of its water supply from the yolk but much 
from the egg-white. During the early stages of development the egg-white loses 
water rapidly and sinks towards the lower pole of the yolk, and later, as the chorio¬ 
allantois grows, it folds around the remaining egg-white and encloses it in a sac 
called the albumen-sac. This is a nutritive organ. Its principal function is to take 
water from the egg-white whence it is sent in the allantoic blood vessels to the 
embryo, but it also digests and absorbs the proteins of the egg-white. 

Still a third function of the allantois is as a urinary bladder. The meso¬ 
nephroi and metanephroi both pass their excretions into the hind-gut, of which 
the allantois is an outgrowth. Solid crystals of uric acid are stored in the allantois, 
being left behind in the egg when the young bird hatches. 

Finally, in a fourth function, the allantois collaborates with the amnion. Its 
inner wall is in contact with the amnion and forms a loose fusion with it. Smooth 
muscles developed from the allantoic mesoderm assist those of the amnion in 
‘ rocking ’ the embryo as described above. 

The umbilical cord 

During the fifth day the lateral folds of the body wall meet beneath the embryo 
and fuse, forming the ventral body wall, which is now complete except in a limited 
area towards the posterior end. Here, the gut is joined to the yolk-sac by a stalk, 
the yolk-stalk, and here too the stalk of the allantois passes out into the extra- 
embryonal coelome. A glance at Fig. 295 will show that the yolk-stalk and 
allantoic stalk are both encircled by the base of the amnion. As development pro¬ 
ceeds this amniotic investment becomes narrowed. It, with the contained allantoic 
and yolk-stalks, is the umbilical cord, which thus consists of the base of the amnion 
investing the allantoic and yolk stalks. Through it pass the blood vessels to and 
from the yolk-sac and chorio-allantois. 

The extra-embryonal membranes and the terrestrial habit 

With the exception of the yolk-sac, whose existence is evidently a necessary 
corollary of the large-yolked ovum and the consequent meroblastic development, 
the extra-embryonal membranes are closely connected with the deposition of the 
ovum in an egg-shell and on land. The dangers of injury to the embryo by 
mechanical shock are much greater in air than in the denser medium of water, and 
are met by the shell, while we have seen the function of the amnion to be the 
equalisation of the pressures acting on the embryo. A water-supply within the 
egg is provided by the yolk and egg-white, and its too rapid evaporation is pie- 
vented by the shell. But this private water reservoir must be got to the embryo, 
and the blood vessels of the yolk-sac and albumen-sac may be regarded as the 
pipe-lines. The allantois, with its several functions, is the evolutionary response 
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to the difficulty of transporting oxygen and carbon dioxide between the embryo 
and the shell, and (along with the formation of uric acid instead of urea) of the 
impossibility of completely removing nitrogenous excreta, as the frog embryo does 
into the surrounding water. It is interesting that the allantois apparently origin¬ 
ated as an embryonic extension of the urinary bladder, for in reptiles and mammals 
the bladder of the adult is formed from the basal part of the allantois of the embryo. 
Adult birds have no urinary bladder. 

Hatching 

By the twentieth day of incubation a great deal of the yolk has been digested 
but some still remains and the entire yolk-sac is now taken inside'the body of the 
large embryo ; the last of the yolk is digested during the first few days after hatch¬ 
ing. Most of the amniotic fluid has disappeared and the embryo occupies almost 
the whole space in the egg except for the air-space between the two layers of the 
shell-membrane. On about the nineteenth or twentieth day the embryo pierces 
the air space with its beak and takes its first breath of air, inflating its lungs. On 
the twentieth day, aided by a special horny callosity on its bill, it makes a small 
hole in the shell and thereafter breathes air regularly and begins cheeping, while 
the chorio-allantois dries up and the circulation of blood in it stops. The um¬ 
bilical cord closes over, cutting the chick off from chorio-allantois and amnion. 
Finally, its struggles break the shell, and the chick wriggles out. 


MAMMALS 

The egg 

We have seen that marine ova, developing in an environment rich not only in 
water but also in inorganic salts, are often insufficiently supplied with these 
materials and make up their deficiencies from the environment as development 
goes on ; that the frog embryo, living in fresh water, can obtain from it no salts and 
has adequate supplies of these in the ovum, but adds to its water from its surround¬ 
ings ;I While the terrestrial chick, in an environment from which nothing but oxygen 
is to be had, carries within its egg-shell not only organic and inorganic foods but in 
addition a water reserve in its albumen. Because of the poverty of the terrestrial 
environment in the things an embryo needs, the embryos of terrestrial non- 
mammalian vertebrates are very self-sufficient. Now, with the exception of the 
platypus and the spiny ant-eater, mammals are viviparous ; the ova, retained in 
the uterus, are in an environment from which the absorption of necessary materials 

»Z n A deVe ° PmCnt “ again P ossible > 35 il was possible in their remote fish and 
anccs ‘°rs, but not in their more recent reptilian ancestors. The 
mammalian egg, with only the two famous exceptions : the platypus and spiny ant- 
eater, contains scarcely any contribution to the support of the embryo. Thesis an 

SS ° YOlk the Cyt ? plasm and in a few -ammalsjike the i^bbt" 
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Fig. 296. Diagram of a pregnant human uterus, showing the foetus and its membranes 
embedded in the uterine wall (after Patten, re-drawn). 

the lumen of the uterus nourish the embryo. Next, the developing blastocyst 
becomes attached to the wall of the uterus ; this is its implantation. In the rabbit 
and some other mammals, including the lower primates, it is attached to the sur¬ 
face of the uterine lining and projects freely into the lumen. In others it lies in a 
groove, while in man and certain rodents like the guinea-pig it actually burrows 
into the uterine wall which closes behind it, so that it becomes completely shut in 
by uterine tissues. The structure by means of which implantation is effected is 
the trophoblast or, more usually, a particular area or areas of it. In these regions 
the trophoblast thickens greatly and finger-like processes, the villi , grow from it 
and invade the uterine tissues. By this means the young blastocyst is firmly joined 
to the maternal tissues. 

The yolk sac 

In the platypus and the spiny ant-eater, as in the reptiles and birds, cleavage 
is meroblastic and the yolk becomes enclosed in a splanchnopleural yolk-sac. We 
have seen (p. 408) that in viviparous mammals an extra-embryonal bag is formed 
lined by endoderm and covered externally with mesoderm. When the coelome 
forms, the bag becomes splanchnopleural. Although it contains no yolk, a splanch¬ 
nopleural bag whose cavity continues into that of the gut and whose waU is an ex¬ 
tension of the gut-wall, must be recognised as the morphological equivalent of the 
yolk-sac of reptiles, birds, and the two egg-laying mammals. The facts of its 
development and structure are meaningless unless it is regarded as an inheritance 
from ancestors with large-yolked eggs and meroblastic cleavage. 

In viviparous mammals the yolk-sac never contains yolk and its size vanes 
considerably ; it is large in the rabbit but in man is small and finally becomes a 
tiny tube ending in a vesicle. It is not altogether functionless for the area vasculosa 
develops in its waU, as it does in the chick. Apart from this, it is supposed to have a 
nutritive function at least in some mammals, absorbing the secretions of utenne 

glands. 
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The amnion 

In the rabbit the amnion is formed }]* 

essentially as in the chick, from somato- jnner Jfi^pTTty 

pleural folds which meet and fuse over tmbryonoi 

the embryo (Fig. 298). The principal tndo^T 

difference is that the tail-fold grows more 
rapidly, and so covers more of the em- «?£ 

bryo, than the head and lateral folds, 

while in the chick this is true of the extro-«m*o , ona/ 

In many mammals, including man, ^\cmniotic cawt^V JIT 

the amnion develops differently (Fig. 1 ^ 

297). In these cases the layer of tropho- ht04 \ 

blast cells whose disintegration in the \ ^ 

rabbit brings the embryonal disk to the mxocSordai'C jJ^aiiomsi' ^ 

surface of the blastodermic vesicle, per- '“"o' _ 

sists. A cavity appears in the inner cell • r ° lk uc 

mass ; its floor becomes the embryonal Fig. 297. Diagrams of early stages in 
disk while the cavity itself is the amniotic human development. Above, formation of 
cavity. Its roof separates from the ,h ' embryonal disk and amnion by the devcl- 

tropnoDlast above it, as the amnion , below, a later stage showing the body stalk 
except at what will be the posterior end. thc aHantois growing into it. The noto- 

The connection thus remaining between ch ° rdaI Canal “ ,hown * (p ‘ 4 ° 7) - 
the posterior end of the embryonal disk, the amnion, and the trophoblast, is the 
body stalky which is not to be confused with the umbilical cord into which it later 
becomes incorporated (p. 419). The chorion is the trophoblast, which is ectodermal, 
plus thc somatic mesoderm underlying it. 

The chorio-allantois and placenta 

While the amnion has been forming, the allantois grows out from the hind- 
pt into the extra-embryonal coelome just as it does in the chick. Its later history 
however is very different. The following account of the formation of the placenTa 
applies to the rabbit. 1 he allantois comes into contact with the chorion over a 

“ -T Cted - ff" beh,nd the embr y°> and die splanchnic mesoderm of 
the allantois fuses with the somatic mesoderm of the chorion, just as in the forma- 

ion of the chorio-allantois in the chick. But whereas in the chick the allamois 

^tSe raSTh^l T 3nd th \ f “ CUn5 ° Ver the who,e a " a of the chorio" 
n !hl k % Jb allantols 1S much sma Uer and the chorio-aUantois is only formed 

rabbit S ° me mammals * *» ^ than S 

frhn • • he , regl ° n whcrc a chorio-allantois has been formed, the trophoblast 
(chononic ectoderm) continues its invasion of the wall of the uterus whose epi 

of a c^TestroX Ct,Ve ^ k advances (probably under the action 
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Fig. 297. Diagrams of early stages in 
human development. Above, formation of 
the embryonal disk and amnion by the devel¬ 
opment of a cavity in the inner cell mass ; 
below, a later stage showing thc body stalk 
with thc allantois growing into it. Thc noto¬ 
chordal canal is shown, (p. 407). 
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Fig. 298. A, diagrammatic sagittal section of a rabbit embryo showing the amniotic 
folds and the formation of the chorio-allantois ; B , a later stage showing the chono- 
allantois and the rich development of trophoblastic villi in this region. The amnion has 
been completed (both figures after Kellicott, re-drawn, and altered). 

bringing foetal blood vessels with it, and these, accompanied by foetal connective 
tissue, grow into the villi. Next, the trophoblastic tissue of the villi separating 
the maternal blood in the sinuses from that in the foetal capillaries, becomes ex¬ 
tremely thin, so that nothing intervenes between the maternal blood and the 
blood of the foetus except the thin waUs of the foetal capillaries and a thin film of 
trophoblastic tissue. Towards the end of development this trophoblastic tissue 
breaks down, and the foetal capillaries are then directly bathed in maternal blood. 
It is important that while the maternal capillaries are broken open, those oi the 
foetus remain intact so that no mixture of the two blood streams can occur. T is 
whole complicated structure is the placenta. Its tissues are derived from : the 
invaded part of the wall of the uterus, the chorion (trophoblast and somatic meso¬ 
derm) and the allantois (splanchnic mesoderm and endoderm) of the embryo. Us 
functions are to provide for the respiration, nutrition and excretion of the loetus. 
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Fig. 299. Diagram of a placenta of the type found in man, in which the trophoblast 
remains intact while the uterine epithelium, connective tissue and blood vessels arc 
destroyed (endothelio-clional type), and in which the epithelial lining of the allantois is 
confined to the body stalk. The body stalk is here enclosed, with the allantoic vessels and 
yolk-sac stalk, within the neck of the amnion, forming the umbilical stalk. 

Food materials and oxygen pass from the maternal blood in the sinuses into the 
foetal capillaries, while excretory materials and carbon dioxide pass in the opposite 
direction In addition, the placenta stores glycogen, a reserve of carbohydrate 
(P- 475 ). for the use of the embryo while it still has no liver. 

In man and the apes the history of the allantois is somewhat different It 
originates in the same way, as an outgrowth of the hind-gut, but instead of growing 
out freely into the extra-embryonal coelome it burrows into the body stalk (Fig. 207). 
Its endodermal part never becomes more than a smaU tube in the body stalk and 
never reaches the chorion ; but its splanchnic mesoderm and accompanying blood 
vessels grow through the body stalk to take much the same part in the formation of 
the placenta as they do in the rabbit. 

The umbilical cord 

nth? 16 T blUC K COrd ’. by which the later foetus is connected with the placenta and 
other extra-embryonal membranes, is formed in the same way as in the chide 

The completion of the head, tail and lateral folds carries the circular root of the 

amnion more and more ventraUy, until it forms an investment endosing the neck" 

ifote/ nt ° 1S WUh thdr VeSSelS( and ^ body stalk 'vhen there 
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Types of placenta 

The structure of the placenta, and in particular the intimacy of the relation 
between foetal and maternal tissues, varies greatly in different animals. In some 
as in pigs, lemurs and others, the uterine epithelium is not destroyed, the tropho- 
blast fitting into depressions in it, and exchange of materials occurs across the 
apposed uterine and trophoblastic epithelia {epilhelio-chorial placenta). In car¬ 
nivora (cats, dogs, etc.), the tree shrew's, the mole and others, the trophoblast 
invades the uterine epithelium and connective tissue and invests its capillaries but 
does not break them open ( endothelio-chorial placenta). In man, apes, monkeys, 
some Insectivora, some rodents and others the maternal capillaries are broken 
open but the trophoblast remains intact and the maternal blood is separated from 
that of the foetus by its capillary endothelium and by the trophoblast (haemo- 
chorial placenta). Finally, in the rabbit and some other rodents the partial dis- 
appearance of the trophoblast allows the maternal blood into contact with the 
foetal capillaries, as described above ( haemo-endothelial placenta). 

Evolutionary history of the extra-embryonal membranes 

1 he yolk-sac originated as a necessary consequence of development from a large- 
yolked ovum, and the amnion, chorion and allantois in connection with develop¬ 
ment on land in an egg-shell. The same structures now appear, formed by 
embryos developed from yolkless ova and living an intra-uterine life without egg¬ 
shells. Nevertheless, although they have undergone various important functional 
changes, they retain their fundamental morphological natures. The yolk-sac, 
though its significance as an organ of nutrition has not always been wholly lost, 
is no longer a store-house of reserve food material, and is perhaps more important 
as the site of the first development of blood. The amnion retains its original function. 
The chorion and allantois of the mammal still serve the respiratory needs of the 
embryo and add to this their new functions as components of the placenta. 

The extra-embryonal membranes thus show in an interesting manner how, 
when an evolutionary change occurs, old organs, first developed to meet the needs 
of one set of circumstances, can be adapted to perform new functions, or to per¬ 
form the old functions in new ways, when the circumstances change. Once 
primitive mammals took to keeping their fertilised ova in the uterus, the,egg-shell 
became unnecessary and could be discarded. The extra-embryonal membranes 
then inevitably came into contact with the uterine wall, providing the opportunity 
for exchanges of material between mother and foetus, and leading directly to the 
evolution of the placenta. 

Parturition 

Throughout gestation (the carrying of a foetus in the uterus) the uterus performs 
rhythmical contractions but as these are of small extent they cause no pain. Just 
before birth, or parturition, their frequency and extent greatly increase, causing the 
pains of labour. They rupture the amnion and then expel the infant which, how¬ 
ever, is still connected to the placenta by the umbilical cord, which is bitten 
through in animals and severed surgically in man. The placenta and the remains 
of the other membranes are expelled later, as the ‘ after-birth ’. 



CHAPTER XXXV 


CAUSAL EMBRYOLOGY 

Causal embryology is the science which attempts to penetrate behind the 
visible changes occurring in the individual life-history in an effort to come more 
closely to grips with the question, fundamental not only to embryology but also to 
biology as a whole, how the adult is latent in the ovum, how that which seems 
nearly structureless can produce so complex a structure. The characteristic 
method of the science is that of experiment, and the paragraphs that follow are a 
brief sketch of a few of the more important experiments which have been per¬ 
formed on embryos. 

Almost all the work which will be mentioned here deals with the development 
of amphibia ; this is because experiments are more easily performed on the 
embryos of newts, salamanders and frogs than on those of other vertebrates. 
Nevertheless, experiments with other vertebrates suffice to show that the same 
fundamental principles hold in all the vertebrate classes. 


SIGNIFICANCE OF CLEA VAGE 

We know that in cleavage the ovum is divided into a number of cells and that 
each cell will give rise only to a part of the embryo and adult. This is expressed 
by saying that the prospective significance of a particular cell is (through its descend¬ 
ants) limited to the formation of certain parts. But are its capabilities only equal 
to its prospective significance? 

Experiment i. When an ovum at its first cleavage divides along the median 
vertical plane, the prospective significance of one daughter cell is to give rise to 
the right half of the embryo, that of the other to form the left half. What would 
happen if the two cells were separated from one another? The experiment is 
easily performed on newt embryos, whose normal development closely resembles 

InH ^i? 0g ‘ T !\ e “? at f d c , elIs ^ ve risc each to a complete but small embryo 
d larva (Fig. 300 A) . Under the abnormal conditions of the experiment the cells 
can do more than they normally would ; their prospective potency is greater than their 
prospective significance. Experiment 2. In newt ova the first cleavage is often not 



Fig. 300. Illustrating A, experiment 1 ; B and C, experiment a. 
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sagittal but frontal ; the prospective significance of the two daughter cells is then 
to form dorsal and ventral halves. When the first experiment is repeated under 
these circumstances the cell whose prospective significance is to form the dorsal 
half of an embryo produces a whole embryo, (Fig. 300 B ) but the other gives 
rise only to a gastrula-like structure lacking all the essential axial parts of an embryo 
(central nervous system, notochord, somites, (Fig. 300 C)). The ‘ dorsal ’ cell has 
formed rather more than it normally would, but the ‘ ventral ’ half has failed to 
do so. 

Evidently there is an important difference between the dorsal and ventral 
halves of an ovum : something in the dorsal half permits or causes embryo- 
formation and is absent from the ventral half. 

The next question concerns the nature of this difference. Is the cytoplasm of 
the presumptive dorsal half of the ovum different from that of the presumptive 
ventral half, or is the cytoplasm similar throughout the ovum while the difference 
lies in the nuclei? Since the ovum has only one nucleus, the second hypothesis 
involves the assumption that as cleavage goes on the nuclei formed by the division 
of the zygote nucleus and of its daughter nuclei are different from one another, 
that is, that nuclear division is unequal. The longitudinal division of the chromo¬ 
somes which occurs in every mitosis suggests equality of nuclear divisions, and it 
can be experimentally proved that the suggestion is correct. If unequal nuclear 
divisions were the cause of parts of the embryo becoming unlike, the nuclei would 
be expected to become more and more different from one another at each cell 
division. 

Experiment 3. By means of a loop made of a delicate hair, an undivided newt 
ovum is constricted in the sagittal plane, so as to be nearly divided into two. One 
of the two halves contains the zygote nucleus while the other has no nucleus at all. 
Nuclear division and cleavage occur in the nucleated half while the other half at 
first remains undivided. Sooner or later, however, a nucleus crosses the bridge 
connecting the two halves. Cleavage now begins in the previously non-nucleated 
half and a complete embryo is formed, even though the nucleus with which this 
half was provided ought, on the hypothesis of unequal nuclear division, to be 
unable to participate in the formation of more than some special part of an 
embryo. Putting the matter slightly otherwise : a nucleus, which came into 
existence only after several divisions of the zygote nucleus, proves just as capable 
as the zygote nucleus itself of taking part in the formation of a complete embryo. 
It follows that nuclear division must be equal and that we cannot attribute differ¬ 
ences between parts of embryos to differences in their nuclei. This conclusion 

is supported by other experiments too. . . 

Experiment 4. If the same experiment is repeated, but this time constricting the 

ovum so as nearly to separate a nucleated dorsal from a non-nucleated ventral half, 
then although the ventral half later receives a nucleus which we now know (Exp. 3) 
to be perfectly capable of taking part in the formation of a complete embryo, yet 
no such embryo is formed, but only a gastrula-like structure without axial parts 

(as with the ventral half-embryos of Exp. 2). 

The conclusion must evidently be that the difference between the prospective 

potencies of dorsal and ventral parts of the ovum lies in the cytoplasm and not in 

the nucleus. . , , . . ,, 

Experiment 5. Experiments 1-4 were all done with embryos in rather early 
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cleavage stages ; perhaps changes occur during late cleavage stages which would 
cause the experiments to have different results if performed on blastulae. Actually, 
the division of blastulae along the sagittal or frontal planes gives the same results 
as when the experiments are performed at the very beginning of cleavage ( Exps. 1 
and 2). 

Conclusions. We may conlude that (1) the cytoplasm of the prospective dorsal 
part of the ovum (if it has a nucleus and becomes multicellular) is able to form an 
entire embryo ; (2) the significance of cleavage is in the division of the ovum into 
many cells, leaving the different parts of what was the cytoplasm of the ovum (but 
becomes that of the cells of the blastula) distributed as they were in the ovum. In 
other words, cleavage is a process of parcelling-out among the cells formed in 
cleavage of cytoplasmic materials which were already present in the undivided 
ovum. 


SIGNIFICANCE OF GASTRULA TION {EVOCATION AND ORGANISATION) 

Experiment 6. It is possible to take small pieces out of an embryo and to trans¬ 
plant them, as grafts, into other parts of the same or different embryos, and then to 
see what happens to them in their new situation. The transplanted cells might 
develop either as they would have done in their original position (development 
according to origin), or in the manner expected of cells normally occupying their 
new position (development according to position). If the experiment is done at the 
beginning of gastrulation the transplanted cells develop according to position. 
Thus, a piece of presumptive epidermis from the future belly region and a piece of 
presumptive brain are cut out of an embryo and their positions interchanged. 
Later, the cells which would normally have formed epidermis instead form part of 
the brain, those which would normally have formed part of the brain become 
epidermis instead and a normal embryo develops. Similarly, pieces of presumptive 
ectoderm (whether normally destined to become epidermis or nervous tissue) if 
placed in the presumptive mesoderm or endoderm, later give rise to mesodermal 
or endodermal structures. Similarly, pieces of presumptive mesoderm can 
probably be caused to develop into ectodermal structures. 

Experiment 7. If Exp. 6 be performed at the end of gastrulation instead of at the 
beginning a very different result is obtained. Transplanted bits of embryonic 
ussue now develop, not according to their position, but according to their origin. 
I hus, when a piece of presumptive belly epidermis is interchanged with a piece of 
presumptive brain, the later embryo is found to have epidermis developing where 
a part of its brain should be, while the missing part of the brain is in the belly. 
1 he same occurs with other transplantations. 

r. Conclu ^ ons - , Tbe cel J s of die early gastrula are very labile in respect of their 
future differentiation, the nature of which depends on their position in the 
embryo but at the end of gastrulation this lability has been lost, for no matter 
init^r,™ of an embryobe put it develops as it would have done if left untouched 

of tlfernhrv 7 }** ^ ^ Whkh haS COme abou * ™ the cells 

stifun^^il? ^ ** beginnin S of g^trulation the cells are 

w^ r 1 ^’ ^ h, C the . end the >' are determined. Transplanted tissues 
which develop according to origin are said to self-differentiate. 

Experiment 8. It is probably true, as stated under Exp. 6, that pieces of 
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presumptive mesoderm if grafted early enough among presumptive ectoderm or 
endoderm cells, may develop according to position, giving rise to non-mesodermal 
structures, but this is not usual. More usually, pieces of presumptive mesoderm, 
even if transplanted early in the gastrula stage, continue to behave as mesoderm! 
In normal embryos the presumptive mesoderm and notochord are inflected round 
the dorsal lip of the blastopore and come to lie, in the completed gastrula, in the 
rool of the archenteron. A piece of presumptive mesoderm and/or notochord is 
taken from a young gastrula and transplanted in place of a piece of presumptive 
epidermis of another young gastrula (called the ‘ host ’). The transplanted piece 
of mesoderm behaves as it would have done normally, inflects itself around a 
blastopore lip which it thus creates, and then migrates forwards beneath the over- 
lying presumptive epidermis of the host. The host thus has two blastopores : its 
own, and the smaller extra one made by the transplant, situated somewhere on its 
flank. Three remarkable things now happen : (1) the transplanted mesoderm, 
although by origin only a portion of the whole presumptive mesoderm of an 
embryo, attempts so to organise itself as to approximate as nearly as possible to 
the mesoderm of an entire embryo, producing notochord, somites, etc. ; (2) the 
neighbouring mesodermal cells of the host are conscripted and co-operate with the 
transplanted mesoderm in forming somites, etc. ; (3) most remarkable of all, the 
ectoderm of the host, where it overlies the transplanted mesoderm, and which 
normally would have formed epidermis, instead forms a neural plate and from 
this a neural tube which may differentiate into brain and spinal cord. The host 
embryo now has two embryonic axes : (a) the primary axis, consisting of the 
central nervous system, notochord and somites which it would have formed nor¬ 
mally, and ( b ) a secondary axis, consisting of central nervous system, notochord 
and somites. Of this secondary ‘ embryo ’ most of the mesoderm and notochord 
are derived from the transplant but partly from the host, while the whole of the 
nervous system is of host origin. Obviously this second embryonic axis would 
never have existed but for the presence of the transplanted mesoderm ; its forma¬ 
tion is described as an induction, for its formation has been induced by the transplant. 
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Fio. aoi. Illustrating experiment 8. A, neurula of a newt into whose flank presumptive 
mesoderm has been transplanted from another embryo. The transplant induced the 
formation of a secondary embryonal axis which is seen in the figure as a neural groove 
and tail bud on the hosts’s left flank. B, a transverse section of a similar specimen (after 

Spcmann). 
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Experiment g. We are now in a position to hazard the guess that the reason why 
the ‘ ventral ’ of the two cells formed when the first cleavage is frontal (Exp. 2), 
and the ventral half of a blastula (Exp. 5), are unable to form embryos, is that they 
lack presumptive mesodermal and notochordal material. This is correct, for if 
some mesoderm is grafted into the isolated ventral half of a blastula, it will form 
an embryo. 

Experiment 10. The differentiation of such a structure as the central nervous 
system involves (a) the development of a particular kind of tissue, (b) the arrange¬ 
ment of the tissue in a particular manner, as when a neural tube forms an expanded 
brain in front and a narrower spinal cord behind. When one structure (for 
example, the mesoderm) causes another (for example, the overlying ectoderm) to 
form a particular kind of tissue, an evocation is said to have occurred, and in this 
example the mesoderm is, or contains, the evocator. The nature of the evocator by 
which the mesoderm calls forth the development of nervous tissue is not precisely 
known, but some interesting discoveries have been made about it. Firstly if a 
piece of mesoderm is boiled and therefore killed, and then put into a young living 
gastrula so as to lie beneath presumptive epidermis, it is still capable of evocation 
for the presumptive epidermis above it forms nervous tissue. The evocator must 
therefore be some substance which, although of course produced by living cells is 
not itself alive. Its chemical examination is very difficult because it is present only 
in very small quantities. Attempts to study its chemistry have led to the con- 
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cells capable of reacting to it ; such cells are said to be competent. Presumptive 
ectoderm cells are competent during gastrulation. 

Experiment 12. As stated above (Exp. 10) there is a difference between the mere 
evocation of a particular kind'of tissue (for example, nervous tissue) and its 
arrangement to form properly constructed organs (for example, brain and spinal 
cord). It is possible to strip presumptive ectoderm off young gastrulae, free of any 
other kinds of tissue. Such isolated bits of ectoderm, if suitably tended, round up 
into hollow balls and survive for some time, but no differentiation of any kind 
occurs. If, however, living mesoderm and/or notochord be transplanted inside 
such a ball, evocation occurs in the ectoderm of which it consists and nervous 
tissue is formed. Further, the nervous tissue is organised as recognisable parts of 
the central nervous system. If the implanted mesoderm would normally have 
been head mesoderm and have induced the development of brain in the ectoderm 
lying above it, then the ectodermal ball into which it is transplanted will form 
brain. Similarly, if the mesoderm would normally have been situated more 
posteriorly in an embryo, so that spinal cord would have developed above it, then 
the ectodermal ball will form spinal cord. The regional character (that is, brain 
or spinal cord) of the induced organ depends on the regional character of the 
inducing mesoderm. 

Experiment 13. When the same experiment is performed but using as transplant 
boiled mesoderm and/or notochord, the ectodermal ball again forms nervous 
tissue, but this is irregularly arranged and cannot be described as brain or spinal 
cord. It is simply tubular nervous tissue in which no special regional character 


can be recognised. The power of mesodermal tissue to evoke nervous tissue thus 
persists after boiling, but its power to imprint its own regional character on the 
nervous tissue it has evoked is lost. Evidently we must distinguish between (a) 
evocation, in which a competent tissue responds to the presence of a substance, the 
evocator, by developing into a particular kind of tissue, and ( b ) the arrangement of 
tissues as organs having certain regional characters, a process generally called 
individuation. The term ‘ individuation ’ was chosen to express the idea of the 
arrangement and organisation of parts to form a unitary whole. Whatever the 
fundamental nature of the individuation process may be, it is clearly controlled 
by the mesoderm and notochord, as is shown by experiment 13 and also by the 
fact that transplanted pieces of mesoderm attempt to reorganise themselves as the 
entire mesoderm. The two processes of evocation and individuation, which 
result in the production of a normal embryo, are together called induction, and the 
mesoderm and notochord, which bring about induction, are called the organiser. 

Conclusions and summary. Exp. 6 shows that up to gastrulation the cells of the 
embryo are in a labile condition, or undetermined, with respect to their future 
modes of differentiation, and experiment 1 r shows that before gastrulation the pre¬ 
sumptive ectoderm at least is not competent to undergo induction. During gastru¬ 
lation the future fates of the parts of the embryo are fixed. While very little is known 
about the determination process in the mesoderm and endoderm, it is clear that the 
ectoderm is ‘ induced * to form nervous or epidermal tissue by the mesoderm under¬ 
lying it. Induction involves two distinct but intimately connected processes. One 
is the evocation of the central nervous tissue by a steroid substance, the evocator, 
which is given off by the mesoderm and to whose presence the overlying ectoderm 
reacts (being ‘ competent * once gastrulation has begun). The other is the even 
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more obscure process of individuation by which the different tissues are moulded 
into their normal anatomical forms and relationships. Evocation plus individua¬ 
tion is induction , and the mesoderm and notochord is the organiser. 


ORGANISERS IN LATER STAGES 


It is not only during gastrulation that induction processes occur. 

Experiment 14. In the frog Rana fusca, if the formation of an optic cup be pre¬ 
vented by the earlier removal of the optic vesicle, the lens fails to form, suggesting 
that lens-formation is normally induced by the optic cup. This is confirmed by 
removing the ectoderm from which the lens would normally develop and replacing 
it with ectoderm which would not normally form lens, perhaps from the belly. 
The transplanted ectoderm heals in and, when the growing optic cup comes into 
contact with it, forms a lens. The optic cup is thus an organiser causing overlying 
ectoderm to develop as a lens. 

Experiment 75. The transparent cornea, a local specialisation of the skin, 
develops as ordinary opaque skin if there is no embryonic eye beneath it ; and if 
the piece of skin which normally forms the cornea is removed and replaced by 
skin from some other part of the body, this will form cornea under the influence 
of the eye-ball beneath it. 


Experiment 16. The auditory vesicle normally becomes surrounded by meso¬ 
dermal cells which later transform themselves into cartilage and form the auditory 
capsule (p. 108). If the auditory vesicle be removed the cartilage which would 
form the audnory capsule fails to develop. If the vesicle be grafted into another 
part of the body where cells derived from the paraxial mesoderm are available 
they accumulate around the transplanted auditory vesicle and form a cartilaginous 

%£ CaPSU C ‘ ThUS thC aud, ‘ 0ry vesic,e induces ,he development of the 

Experiment17. If an auditory vesicle of a newt embryo be 
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the cytoplasm later destined to form the mesoderm and notochord, a region whose 
presence is essential for the formation of an embryo and which enables a dorsal 
half-ovum to form a complete embryo. This region is the primary organiser and its 
special character is manifested in several ways. Resident within it are (i) the 
power of fragments to reorganise themselves so as to approximate to wholes, form¬ 
ing normal mesodermal structures and the notochord, (2) the power to conscript 
neighbouring cells as integral parts of its own structure, (3) the power to produce 
the evocator which causes the formation of nervous tissue in overlying presumptive 
ectoderm, (4) the power of each of its parts to imprint upon the overlying ecto¬ 
derm its own regional character, so that brain forms over head mesoderm and 
spinal cord over trunk mesoderm. Of these actions of the primary organiser all 
but the third are aspects of ‘ individuation the marshalling of parts to form a 
whole, about whose mechanism almost nothing is known, while the third, the 
evocation of neural tissue, is a response of competent ectoderm to a steroid sub- 
stance produced by the organiser. 

The formation of the essential axial parts of the embryo, the central nervous 
system, notochord, somites, etc., is thus carried out by, or under the control of, 
the primary organiser. Gastrulation has therefore a double significance : (1) it 
brings the parts of the embryo into positions in which it is possible for the changes 
occurring later to produce a normal embryo, in other words it begins the develop¬ 
ment of the normal topographic anatomy, (2) it begins the process of determina¬ 
tion, settling the future fates of the various regions, so that cells transplanted early 
in gastrulation develop ‘ according to position ’, but if transplanted after the con¬ 
clusion of gastrulation develop * according to origin 

In Exp. 14-17, however, we saw that a considerable amount of lability persists 
after gastrulation. Thus, in Rana fusca, cells of the presumptive epidermis, although 
they have now lost the power which they had early in gastrulation of forming parts 
of the central nervous system, may still become either epidermis or lens, according 
to whether or not an optic cup appears beneath them. There are many other 
such cases, only a few of which were mentioned above. The determination 
occurring at gastrulation is therefore not complete although, so far as it goes, it is 
final. It places limits on the possible future developments of parts of the embryo, 
but leaves freedom within the limits set. The further limitation of developmental 
powers is set by secondary organisers , one of which is the optic cup. The secondary 
organisers are structures which have been called into existence by the primary 
organiser. Thus we have to envisage a hierarchy of organisers, the primary 
establishing the secondary, the secondary the tertiary, and so on. The lens is a 
tertiary organiser, for it is evoked by the optic cup (a secondary organiser) and 
itself (with the optic cup) calls forth the development of the cornea. 

It is important to realise that organisers do more than set limits to develop¬ 
mental possibilities. It is true that once the ectoderm overling the optic cup has 
formed a lens it loses the power to become epidermis, but it is also true that if the 
optic cup is absent the lens is not formed at all. An isolated ball of ectoderm 
taken from an early stage in gastrulation forms nervous tissue if a primary organ¬ 
iser is implanted within it, but if no such organiser is present it forms neither 
nervous tissue nor epidermis. Organisers confer the power to develop in particu¬ 
lar ways as well as preventing development in other ways. 
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AFTER GASTRULA TION ; THE CHEMICAL MOSAIC 

Most of the important organisers seem to act during or soon after gastrulation, 
and in the neurula stage it is generally found that transplanted parts of the embryo 
develop according to origin. Thus, the little group of mesoderm cells normally 
destined to form a limb will do so even if transplanted elsewhere, as on to the 
head, and the tiny patch of ectoderm expected soon to invaginate as the auditory 
vesicle will do so in other parts, and so on. Regions of the embryo may thus after 
transplantation develop according to origin, or ‘ self-differentiate into the 
structures they would have formed in normal development, although they still 
show no visible or structural 'differentiation from other parts of the embryo. But 
the fact that they develop in fulfilment of their normal destiny, even when re¬ 
moved from the influences which act upon them in their normal position in the 
embryo, shows that their differentiation has begun even though it is not visibly 
expressed. It can only be concluded that regions of the embryo of different fixed 
destinies must at this time differ from one another in some chemical way ; that 
cells later to form cartilage must already, by some peculiarity of their metabolism, 
he set as though in a groove leading inevitably to their visible differentiation as 
cartilage, those which later form auditory vesicle, nervous tissue, muscle, or 
other structures, in ways of metabolism which will bring them at last to these 
several ends. For this reason the embryo in post-gastrular stages is described as 
being a chemical mosaic , for it is made up of a large number of regions distiguished 
from one another by chemical peculiarities. What the nature of these chemical 
differences may be remains unknown. 


FUNCTION AND DEVELOPMENT 

When the organs and tissues of the young animal have differentiated, they 
egin to carry out their functions, and in some cases the performance of the 
iunction is a factor m the later stages of development. 
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heel-bones resembling those of the flat-footed apes rather than those of either normal 
men or of new born babies. Apparently, in each of us, the calcaneus develops its 
final form in response to the mechanical conditions acting upon it in walking. If we 
walk normally our heel bones are normal, but if our gait is very abnormal, our 
heel bones (and doubtless other bones too) wall grow abnormally. 

If a fractured bone remains unhealed for a period of years surprising changes, 
which may lead to the development of a structure called a nearthrosis, may occur 
at the two broken ends. In a fully developed nearthrosis the apposed ends of the 
broken bone become expanded, and one may bear a knob-like ‘ head ’ fitting into 
a concave ‘ pan ’, like a ball and socket, or like the femoral head in the acetabulum, 
further, where the ends of the bone move upon one another, cartilage may be 
developed, as it is on the surfaces of a normal joint, and the whole may be en¬ 
closed in a strong fibrous joint capsule. A nearthrosis may thus be a very good 
imitation of a true joint, produced partly by the movement of the broken ends 
against one another and partly by mechanical strains set up in the surrounding 
connective tissue by their movement. The nearthrosis is worse than useless to the 
patient, for it merely preserves the mobility of one piece of his broken bone upon 
the other, and this is exactly what he and his surgeon want to prevent. 

The principal factor in the development of fibrous structures like tendons and 
ligaments is almost certainly mechanical and functional. When collagen fibres 
form they tend to be arranged along the lines of principal tension in the tissue ; 
thus in tendons they lie parallel with one another, transmitting the simple one- 
directional pull of a muscle to the bone, while in ligaments round joints, where the 
strains lie in a more complicated manner, so do the collagen fibres. 



CHAPTER XXXVI 


GENETICS 


MENDEL'S LA WS 

Genetics is the study of heredity and variation, that is, of how it is that ‘ like 
produces like and that no two individuals are ever exactly alike. Modem 
genetics begins with experiments made during the last century, by the Abbot 
Mendel at Brunn, in what later became Czechoslovakia. They were published 
by him in 1865-6. 

Mendel's classic experiments were performed with two races of pea plants, a 
tall race and a short race. Both races, when self-fertilised, or fertilised by another 
member of the same race, breed true. When Mendel placed upon the stigmata of 
flowers of the tall race pollen derived from the short race, or vice versa, and sowed 
the resulting seed, all the plants which grew from the seeds were tall, like the taller 
parents. This generation he called the first filial generation ; it is generally denoted 
by the symbol F v Next, Mendel self-fertilised the plants and from the seeds he 
obtained the second filial generation , F 29 and of these plants, most were again tall 
but some were short and the ratio of tall ones to short ones was as three is to one. 
Finally, he again self-fertilised all the F 2 plants and so obtained an F 3 . The 
characters of F 3 were very surprising. All the short F 2 plants had bred true, pro¬ 
ducing nothing but short offspring, while of the tall F 2 plants some bred true while 
others produced tails and shorts in the same ratio as before, 3:1, and the ratio of 
those breeding true to those not breeding true was as 1 : 2; The experiment is 
summarised in Fig. 303, where T stands for tallness and t for shortness. 

If the experiment is continued through further generations it is found that short 
plants always breed true, that tall plants, if themselves derived from true-breeding 
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be something in the gametes of a short plant which makes for shortness, somethin* 
which is transmitted unchanged through F v This something Mendel called a 
factor for shortness. Nowadays we use the word gene. Similarly, since it is 
handed on from generation to generation, there must be a corresponding gene for 
tallness. And, in the F 1 plants, both genes must be present together, but the gene 
for tallness in some way suppresses that for shortness. The gene for tallness is 
therefore said to be dominant over that for shortness which is said to be recessive 
But how do we explain the ratio between the different kinds of plants in F 2 ? 
Suppose that true-breeding tall plants contain in each of their cells two genes both 
making for tallness, and that short plants, all of which breed true, similarly con¬ 
tain two genes both making for shortness. Suppose, further, that when the gametes 
are formed the two genes separate from one another and go into different gametes. 
Then each gamete of a true-breeding tall plant will contain one gene making for 
tallness, which we call T and each gamete of a short plant one gene for shortness 
which we may call t. 1 When the gametes unite at fertilisation, the zygote will 
contain the two genes 77 and it will produce a tall plant because tallness is 
dominant over dwarfness. Now, when the 77 plant forms gametes the two genes 
T and t will again separate from one another and go into separate gametes so that 
the gametes will be of two kinds, T and t in equal numbers. When fertilisation 
occurs, each ovum, whether T or t, will have an equal chance of being fertilised by 
pollen of the kind T or t. Thus 

T 

t 

Fig. 304. Explanation in text. 

It follows that there will be three kinds of zygote, TT, Tt , tt, in the ratio 1 : 2 : 1. 
Plants of the constitution TT will be tall and so will Tt plants because tallness is 
dominant to shortness, while those of the constitution tt will be short. Further, 
TT plants will breed true because they contain no genes for shortness, It will breed 
true because they contain no genes for tallness, while 77 plants will behave exaedy 
like the F t plants did because they have the same mixed constitudon. The 
behaviour of the genes in the first three generations can be graphically represented 

as on p. 433. ... 

There is another conclusion to be drawn from this experiment : when two 
different genes come together in one individual, as in the 77 pea plants, they do 
not contaminate one another, but each retains its identity and qualities unimpaired 
and is handed on unimpaired to the next generation. This is shown by the fact 
that the F 2 plants are just as tall or short as the parental plants ; the associadon 
of T and t genes in the preceding F x generation has not in any way impaired their 
powers of producing tallness or shortness. 

The results of these experiments are expressed in Mendel's First Law , which 
states : (1) that factors (= genes) exist which influence development and that 
these factors retain their idendty from generation to generation, their qualities 

1 Throughout this chapter, letters used to indicate genes and chromosomes are printed in italics, 
those indicating characters in Roman type. Capitals indicate dominance. 
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being in no way impaired when different genes come together in a hybrid, (2) that 
the factors exist in pairs (for example, TT, Tt, or tt) in somatic cells, and that 
when the gametes are formed the members of each pair pass into different gametes, 
so that each gamete contains one but not both members of a pair. 

Four useful terms may be introduced here. 

A phenotype is an animal or plant as we actually see it. A genotype is the here¬ 
ditary constitution of an animal or plant; that is, it is the collection of genes which 
the organism has inherited from its parents through the pair of gametes which 
„ lt ' The nature of the phenotype depends on the genotype. Thus, in 
Mendel s peas, plants of the genotype tt are phenotypically short, but those of the 
genotypes TT or Tt are tall ; incidentally, we see here that similar phenotypes 
may be genotypically different. The other two terms are homozygous and hetero¬ 
zygous. If an organism contains two like members of a gene pair, for example, T 
and T or / and t, it is said to be homozygous with respect to that member of the 
pair (lor example TT is homozygous with respect to the gene T) ; if it carries 
unlike members of a pair (for example, if the genotype is Tt) then it is hetero- 
zygous with respect to that pair of genes. 

diff^d n frnm SCCOnd ^ fr ° m *“* StU<ly ° f when P^tal plan(3 
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the members of each pair separate from one another independently of the mem¬ 
bers of the other pair. 

Since round is dominant over wrinkled we can use as symbols of the corres¬ 
ponding genes R and r while for yellow and green we can use Y and y. Then • 


Parents 
Gametes 
Zygote F 1 


RRYY x 
RY 

RrYy 


rryy 

ry 


When the F t plant forms gametes it has to obey one simple rule : R and r must be 
in different gametes, and so must Y andy but R and Y, or R and y, or r and Y, or 
r and y may go together. The possible gametes therefore are RY, Ry, rY, ry, and 
the following table shows the possible zygotes and the relative numbers in which 
they occur. 


Gametes 

RY 

Ry 

rY 

•y 

RY 

RRYY 

RRYy 

RrYY 

RrYy 

Ry 

RRYy 

RRyy 

RrYy 

Rryy 

rY 

RrYY 

RrYy 

rrYY 

rrYy 

V 

RrYy 

Rryy 

rrYy 

rryy 

Inspection 

of the sixteen groups 

shows that there are 

zygotes of nine different 


genotypes (listed below), and the phenotypic character corresponding with each 
genotype is known if it is remembered that when the gene R is present the plant 
will produce round seeds, but wrinkled ones when it is absent, and yellow seeds 
when Y is present but green when it is absent. The following table gives the 
result. 

Phenotypes Genotypes 

9 round yellow i RRYY, 2 RrYY, 2 RRYy, 4 RrYy 

3 round green 1 RRyy, 2 Rryy 

3 wrinkled yellow 1 rrYY, 2 rrYy 

1 wrinkled green 1 rryy 


This is the * checquerboard ’ method of finding the progeny of a cross. 

Thus the relative numbers and kinds of plants found by experiment are the 
same as the relative numbers and kinds which are theoretically expected. It is im¬ 
portant, of course, to remember that this correspondence is between ratios and is 
only expected if there are large numbers of plants in F s . It is a statistical result. 

We thus arrive at Mendel’s Second Law, which is also called the Law of Indepen¬ 
dent Assortment or of Independent Segregation. It states simply that in the formation of 
gametes the members of any pair of genes segregate or are assorted into different 
gametes independently of the segregation or assortment of the members of other 
pairs. 

Here one more term may be introduced. Two contrasted characters, or the 
genes determining them, are said to be allelomorphic, or to be allelomorphs, or alleles, 
if they obey Mendel’s first law. Thus the characters tallness and shortness and 
the genes T and t are allelomorphs, and so are round R and wrinkled r or yellow 
f and green y, but round and green, for example, are not allelomorphic. 

The examples which we have used are those used by Mendel and are both 
derived from plants, It would, however, have been easy to give examples from 
animals, for the Mendelian Laws apply to them and to man just as much as to 
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plants. The chief difference is that in animals self-fertilisation can naturally not 
be practiced. One starts whenever possible with two pure-breeding lines and 
crosses them. Then in F, one mates brother and sister. 

THE CHROMOSOME THEORY 

Meiosis 

The two maturation divisions in gametogenesis in animals (p. 354), and the 
two divisions of spore mother cells in plants, constitute meiosis, in which the num¬ 
ber of chromosomes in the gametes or spores is reduced to half that in the somatic 
cells. To understand the events of meiosis it is best to begin at the fertilisation 
which formed the individual in which gametes are being produced (Fig. 306). 
In that fertilisation the nuclei of two gametes fused. Each gamete contained 
a haploid set of chromosomes similar in number, size and form to those in 
the other gamete (subject to qualifications which will appear). The zygote, 
and all the somatic cells of the individual, therefore contained one diploid set 
of chromosomes and this consisted of a number of chromosome pairs in each 
of which one member of the pair was derived from the individual’s father and one 
from his mother. The two members of any pair of chromosomes are said to be 
homologous. 

When the individual itself proceeds to form gametes (or spores if it is a diploid 
plant) meiosis occurs. At the beginning of prophase in the first or reduction division 
of meiosis, the diploid number of chromosomes appears but the chromosomes are not 
divided into chromatids as they are in the prophase of an ordinary mitosis. During 
prophasc, homologous chromosomes come to lie closely side by side in pairs. The 
pairs are known as bivalents. Next, each chromosome divides longitudinally into two 
chromatids ; now, evidently, there are four chromatids in each bivalent, one pair 
formed by the division of the chromosome of paternal and one by that of the 
chromosome of maternal origin. Soon the chromosomes making up the bi¬ 
valents start to separate from each other, but still remain attached at one or several 
points called chiasmata (sing, chiasma). At these points one of the two chromatids 
of each chromosome can be seen to make a cross with a chromatid of the other 
chromosome, and it is known that each chiasma is an indication that there has 
occurred an important event called crossing-over. In crossing over, one (and only 
one) chromatid of paternal origin, and one of maternal origin, break and then 
rejoin, but, as it were, with wrong partners, one end of the chromatid of paternal 
origin joining the other end of that derived from the mother, and vice versa. 
After crossing over, each chromosome thus consists of one chromatid derived 
wholly from one parent and one derived partly from the father and partly from 
the mother, of the individual. Since there may be several chiasmata, the broken 
and reconstituted chromatids may each consist of several lengths of maternal 
alternating with several lengths of paternal, origin. Crossing-over is of great 
genetical importance. 

The chromosomes become shorter and thicker and soon the nuclear membrane 
disappears, marking the end of prophase, which is followed by metaphase. An 
achromatic spindle is formed, as in mitosis, and the chromosomes arrange them- 
selves around its equator. Next comes anaphase. The two chromosomes of which 
each bivalent consists move apart from one another to opposite poles of the spindle 
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just as do in mitosis the two chromatids of which each chromosome consists. 
Finally, in telophase, the two groups of chromosomes, one at each end of the 
spindle, are enclosed in nuclear membranes and disappear, just as happens in 
mitosis, and the cell divides. 

The important results of this division are : 

(1) Because at anaphase whole chromosomes separated from one another (and 
not chromatids as in mitosis), the number of chromosomes in each daughter nucleus 
is half what it was in the parent cell (that is, the daughter cells are haploid). 

(2) Whereas in mitosis the chromosomes of the daughter nuclei are formed by 
division of those of the parent cell and must therefore be exactly alike in the 
two nuclei, the reduction division separates homologous chromosomes of paternal 
and maternal origin and these may not be exactly alike. The occurrence of 
crossing-over, although it forms chromatids (later chromosomes) which are 
constituted of re-joined fragments of chromosomes of paternal and maternal origin, 
does not affect this, for each region or fragment of a paternal chromosome is 
caused to separate from the corresponding region or fragment of the homologous 
maternal chromosome. 


(3) In the reduction division, when the paternal and maternal chromosomes 
separate, chance decides for each pair independently of the others, to which pole 
of the spindle the maternal and paternal chromosomes shall go. Thus, if an 
organism has two pairs of chromosomes in the diploid set, A, A', B, B' {A and B 
of paternal and A' and B' of maternal origin), it will form gametes with the 
following combinations of chromosomes : AB, AB', A'B , A'B'. An organism with 
two chromosomes in the haploid set thus produces gametes with four different 
chromosome combinations, and the number of combinations produced of course 
increases as the number of chromosomes increases ; two in the haploid set is a 
very exceptionally low number. ' 

The second division of meiosis closely resembles an ordinary mitosis. At 
anaphase the chromatids (into which the chromosomes divided during the pro- 
phase of the first division) separate to opposite poles, and, in telophase, nuclei are 
iormed having the same (haploid) chromosome number as the parent cell. The 
one important difference from mitosis is a result of crossing-over. Because 
of crossing-over, the chromatids moving apart at anaphase may not be precisely 
alike, for one is wholly derived from one parent but the other partly from each. 

r ° f tWO divisi0ns of meiosis is thus to produce gametes each 

of which contains a complete haploid set of chromosomes, but among which 
are many different combinations of chromosomes of maternal and paternal 
origin, and chromosomes of mixed origin (formed in crossing-over). The im- 

^ m thC faCt • tHat We shaU ““lately see) the genes are 
^° m ° S Tf ; smce thosc ™ homologous chromosomes may not 
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Meiosis and Mendel’s laws 


According to Mendel’s first law, the genes are present in the somatic cells in 

mother of theTnff T fr0m father and «ie from the 

f ht indmdu al, and when gametes (or spores) are formed the member 

f each pair separate, going into different gametes (or spores). If this sentence 
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be rewritten, substituting the word * chromosomes ’ for ‘ genes it remains true 
According to the second law, the members of every pair of genes segregate into 
different gametes independently of the members of other pairs of genes. In the 
first division of meiosis, the assortment into the daughter cells (and therefore into 
the gametes) of the members of any pair of chromosomes is independent of the 
assortment of the members of other pairs. These very close correspondences 
between the inferred behaviour of genes and the observed behaviour of chromo¬ 
somes led to the suggestion that the chromosomes might be the carriers of the 
genes ; that, in fact, the chromosomes are the ‘ physical basis of heredity \ But 
such a correspondence, however suggestive, falls short of proof. This has been 
obtained in a variety of ways and is now quite conclusive; but only a small 
amount of the great body of evidences can be mentioned here. 

Linkage and crossing-over 

Sooner or later in the genetical study of any organism there is found a pheno¬ 
menon called linkage in which Mendel’s second law is disobeyed. This may be 
illustrated as follows. An animal, having the two characters A and B, is crossed 
with another showing the contrasted characters a and b, and the character pairs 
A-a and B-b are each inherited in full accord with Mendel’s first law. F 1 is self- 
fertilised or brother-sister mated. In F 2 there prove to be higher proportions of 
individuals with the character combinations AB and ab than expected under 
Mendel’s second law (which requires that there shall be the types AB, Ab, aB, ab 
in the 9:313:1 ratio, p. 433), and fewer than are expected with the combinations 
Ab and aB. Next, in a similar experiment, the cross Ab x aB is performed and in 
F 2 the character combinations Ab and aB are present in higher, but the types AB 
and ab in lower, proportions than are expected under Mendel’s second law. The 
striking feature common to the two experiments is that two characters which 
entered the cross in the same parent tended to keep together more often than they 
would if the two pairs of genes had segregated into different gametes independently 
of one another, as required by the second law. 

On further investigation it becomes clear that all the characters whose in¬ 
heritance is studied in any organism can be arranged in groups. Members of a 
groyp, when they enter a cross in the same parent, tend to appear together in 
F 2 more often than is expected on Mendel’s second law, and are said to be linked , 
the groups being called linkage groups. The degree of linkage (that is the proportion 
over and above what is expected on the second Jaw, in which linked characters 
remain associated in F 2 ) is fairly constant between any two members of a linkage 
group, but is different between different members. Characters in different linkage 
groups obey Mendel’s second law, that is, are not linked. 

Soon after the discovery of linkage it was suggested that genes are linked when 
they are carried in the same chromosome. This would evidently explain why 
linkage occur*, and why it only happens between genes entering a cross in the 
same parent (genes entering from different parents are evidently not on the same 
chromosome). The suggestion is also supported by the two facts that the number 
of linkage groups found in a species is the same as its haploid number of chromo¬ 
somes, and that where chromosomes are of different sizes, so too are the linkage 
groups (big linkage groups for big chromosomes, little groups for little chromo¬ 
somes). The fact that linkage is incomplete is explained by the crossing-over in the 
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Fio. 307. Diagrams showing crossing-over at different points on the chromosome. 

reduction division of meiosis, when chromatids break at the chiasmata and then 
join up again, each exchanging part of its length with the other. If the break 
occurs between two genes A and B on one chromosome, and between their allelo¬ 
morphs a and b on the other, some gametes will be formed with a chromosome 
containing A and b , some containing a and B, as well as a majority containing 
either A and B, or a and b. 

If the separation of genes entering a cross on the same chromosome is due to 
crossing-over sometimes occurring between them, and since chiasmata are 
equally likely to occur at any point along the length of the chromatids, then the 
genes are more likely to be separated by crossing over the further apart they lie 
on the chromatids, less likely the closer together they are. When the frequency of 
crossing-over is found between many pairs of genes in the same linkage group, the 
figures obtained are such as to suggest that the genes are arranged along the 
chromosomes in linear order, like beads on a string. Thus if the frequency be¬ 
tween the genes A and C is 45, and between A and B 10, then if A, B and C are 
arranged in a line, the cross-over frequency between B and C should be 35, and 
this is found to be the case. The fact that a similar relationship is found to occur 
between the cross-over frequencies between all pairs of genes in a linkage group 
containing dozens, leaves little room for doubt that the hypothesis of the linear 
order of the genes in the chromosomes is in fact correct. 

Since the genes are arranged in linear order, and since the frequency of 
crossing-over between them tells us how far apart they are on the chromosomes, 
it becomes possible to make maps of the chromosomes showing the relative 
positions of die genes. Such maps have been prepared in several organisms, the 
best explored chromosomes being those of the little fruit-fly or vinegar-fly, Droso¬ 
phila melanogasler, perhaps the most important organism in genetical research. Its 

Z Sma SlZC ’ m ltS rapid and P rolific ^production which makes 
it possible in two years to perform breeding experiments involving seventy genera¬ 
tions and many thousands of individual flies enry genera 

be^and^st^^r'fr 0 ' ° f and correspondence between the num- 

bers and sizes of linkage groups and the number and sizes of chromosomes 

powerfully supports the chromosome theory \ that is, the theory that the chromo^ 

somes contain the genes. To this might be added a great deal of other evidence 
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but it must suffice to point very briefly to another remarkable correspondence. In 
several instances of abnormal inheritance, investigators have suggested that the 
abnormality could be explained if there were a certain abnormality in the 
behaviour, size, or number of the chromosomes, and investigation has shown the 
hypothetical abnormality to exist in fact. 

It is impossible to resist the conclusion that the genes are, in fact, carried in 
the chromosomes. 

We may now summarise what we have learnt of the mechanism of heredity : 

(1) The way in which a zygote will develop, and therefore the characters which 
the adult will show, depend (in a given environment) upon the genes with which 
the zygote is provided. 

(2) The genes are present in pairs, and the members of each pair are derived 
from different parents. If the two members of a pair are alike (A A or aa), the 
individual is 4 homozygous ’ for A or a ; if they are different ( Aa ) the individual is 
heterozygous. 

(3) When the gametes are formed the members of each pair of genes separate 
into different gametes because they are carried in homologous chromosomes which 
pass into different gametes. 

(4) If two or more pairs of genes are borne in different pairs of chromosomes 
the members of different pairs segregate into the gametes independently of one 
another. 

(5) Genes which are carried in the same chromosome do not segregate inde¬ 
pendently but tend to remain together, passing together (still on the same chromo¬ 
some) into the same gametes. They are said to be 4 linked \ But in a certain 
proportion of cases such genes are separated by the occurrence of crossing-over 
between them. 

(6) The genes are carried on the chromosomes in linear order. Crossing-over 
occurs while homologous chromosomes are paired during the reduction division. 
Allelomorphic genes are genes which occupy corresponding positions in homologous 
chromosomes. 


DETER MINA TION OF SEX 

One of the most remarkable triumphs of genetical research has been the 
discovery of the mechanism whereby it is determined whether a particular zygote 

will develop into a male or female adult. 

The first real clue was the observation that, in some animals, males have in 
their somatic cells an odd number of chromosomes, one less than females have. 
The odd one is called the A’-chromosome, the others the autosomes, and the male 
constitution can therefore be represented as 2 a+X. In the reduction division in 
spermatogenesis the single AT-chromosome, having no partner, passes into one of 
the secondary spermatocytes. Since these divide by mitosis, two kinds of sperma¬ 
tozoa will be formed in equal numbers, one kind having an Af-chromosome (a+X), 
the other not (a). In females there are two AT-chromosomes in the somatic cells 
and, as these separate in the reduction division as usual, there is only one kind of 
ovum, having a set of autosomes and one Af-chromosome (a+X). Since each 
ovum has equal chances of being fertilised by either kind of spermatozoon, two 
kinds of zygotes are formed in equal numbers, of the constitution 2 a+X and 
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Fig. 308. The chromosome mechanism of sex determination. 

2 a + iX. Those with two Af-chromosomes become females, those with only one 
X, males. 

The occurrence of this mechanism of sex determination has been demonstrated 
in a very wide range of animals. In many the A'-chromosome of the male has a 
partner, the T-chromosome ; this is often either smaller than the Af-chromosome, 
or else is distinguished from it by some detail of its form. The T-chromosomc 
evidently always descends from father to son. In many animals it appears to 
be empty or nearly empty of genes. In man there is reason to believe that a part of 
it is not empty and that crossing-over can occur between this part and a corres¬ 
ponding part of the Af-chromosome. 

It is believed that the Af-chromosomes carry genes which make for femaleness 
while genes making for maleness are carried by the autosomes, and it is supposed 
that the relative strength of these male and female-determining factors arc such 
that the influence of two AT-chromosomes can overcome that of a diploid set of 
autosomes, but that the influence of a diploid set of autosomes overcomes that of a 
single Af-chromosome. The f-chromosome is neutral. 

SEX LINKAGE 

In addition to the sex-determining genes making for femaleness, the X- 
chromosomes also carry genes which are not concerned with sex differences. 
Such genes and the characters which they determine are said to be sex-linked. 
It is. important to distinguish clearly between sex-linkage and sex-limilation. A 
sex-linked character may appear in either sex. A sex-limited character is limited 
to one sex. Genes determining sex-limited characters may be carried on either 
AT-chromosomcs or autosomes, and must be present in both sexes ; but the 
characters which they determine can develop in one sex only. Obvious examples 
of sex-limited characters are the reproductive organs and structures like sexually 
distinctive plumage, horns, etc. 

The inheritance of sex-linked genes is in several respects peculiar. Its special 
features can be illustrated in the following experiment. The normal eye colour 
m Drosophila is red, but is changed to white by a recessive gene in the A'-chromo- 
some. When a homozygous red-eyed female (WW) is mated with a white-eyed 
male (w ; the gene is present in only the single dose because the male has only 
one A r -chromosome) all the offspring in F t are red-eyed, but the females are 
heterozygous, having received from their fathers an AT-chromosome carrying the 
recessive gene for white eye. The Af-chromosome in the males comes from their 
mother and therefore contains W, the normal allelomorph of the white-eye gene. 

2F 

M.B. 
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Fig. 309. The sex-linked inheritance of the gene for white eyes, and its allelomorph, 
in Drosophila (after Morgan). The T chromosome is represented as hooked at one end ; 
it carries neither IV nor w. 


If F 1 is brother-sister mated, in F 2 all the females are red-eyed but half are hetero¬ 
zygous, while half the males are red-eyed and half white-eyed. If the cross is 
made between a white-eyed female and a red-eyed male, the female being homo¬ 
zygous, in F x all the females are red-eyed but heterozygous and all the males 
white-eyed, while in F 2 half the females are white-eyed, half red-eyed and hetero¬ 
zygous, half the males red-eyed, and half white-eyed. 

The special features to be noticed here are two. 

First, since a male has only one Af-chromosome (the T-chromosome being 
nearly empty, empty, or absent, can be neglected), recessive genes carried in it 
are expressed in the phenotype because there can be no dominant to suppress 
them ; in a female, on the other hand, sex-linked recessive genes are only ex¬ 
pressed if homozygous (aa : if Aa, then A suppresses a). It follows that recessive 
sex-linked characters appear much more frequently in males than in females. 

Secondly, a male transmits his sex-linked genes, in his A^-chromosomes, to all 
his daughters but to none of his sons, while a female hands hers to both her sons 
and daughters, for each of her children receive one AT-chromosome from her. It 
follows, incidentally, that a female derives half her total chromosome set ( a+X') 
from each of her parents, while a male gets one more chromosome from his 
mother (a + X) than from his father (a), a fact probably explaining the tendency 
of sons to resemble their mothers rather more than their fathers. 

RELA TIONS BETWEEN GENES 

We have already mentioned two kinds of relation between genes : dominance 
and linkage : other relations too, are of great importance. 
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Incomplete dominance. In some gene pairs, the dominance of one gene over the 
other is incomplete. The heterozygous phenotype is then intermediate in charac¬ 
ter between the two homozygous forms. Thus, in the snapdragon ( Antirrhinum) 
when plants with ivory flowers are crossed with plants having red flowers, F 2 is 
pink and F 2 consists of i red, 2 pink, 1 ivory ; this is obviously the ordinary 3 : 1 
ratio with the group of 3 separated into 1 red homozygote and 2 pink hetero¬ 
zygotes. 

Multiple allelomorphs. So far we have written of genes as though each gene 
could only exist in either of two conditions (A or a) but there is no theoretical 
reason why it should not exist in any number of different conditions (though of 
course, only one pair of allelomorphs could normally be present in any one 
individual). This is known as ‘ Multiple Allelomorphism ’. To take an 
imaginary example, an animal with the constitution AA is crossed with A'A'. 

shows the character A, and F 2 show's three A to one A'. From this and other 
experiments it is concluded that the genes A and A' are allelomorphic. Then an 
animal is found with the character A”, and it is found that the cross AA x A"A" 
gives in F. z three A to one A", while A'A' x A”A" gives three A' to one A”. Thus the 
genes A, A' and A" are all allelomorphic, A being dominant to both ^ 4 ' and A", and 
A' to A". Theoretically any gene may thus have any number of allelomorphs, all 
the different allelomorphs usually influencing the same character in different 
degrees. Thus in Drosophila one of the genes in the A'-chromosome, which affects 
eye colour, has more than ten allelomorphs. ‘ Normal * Drosophila have red eyes ; 
the allelomorphs of the gene for red alters the colour of the eye to various shades 
ranging to white. A considerable number of such series of multiple allelomorphs 
are known in various animals. 


RELATION BETWEEN CHARACTERS AND GENES 

The impression has probably been given that each one of the several thousands 
of genes constituting the genotype of an organism is responsible, as its determining 
cause, for the development of one of several thousands of ‘ characters »into which 
the organism itself could be regarded as divided. It is difficult to avoid giving this 
impression ; but the impression must now be corrected. The relations between 
characters and genes are much more complex than so simple a scheme would 
suggest. 

Multiple effects of genes. Most genes have some effect which is obvious and strik¬ 
ing, by which their presence is recognised and from which they derive their name, 
and also a number of other effects which are less obvious and striking and which are 
°“ en overlooked. Thus the series of multiple allelomorphs mentioned above as 
affecting eye-colour in Drosophila also affect other characters and organs such as the 
testis and the colour and shape of the spermatheca. Many genes, besides some 
conspicuous structural effect, also influence the general ability of the organism to 
survive. An example is a gene in Drosophila which, when homozygous, causes as its 
most obvious effect a shortening of the wings, but also shortens the legs, makes the 
females almost completely sterile and lowers the ‘ viability ’ (ability to survive). 
1 hese multiple effects are very probably secondary consequences of some single 
primary effect of the gene, perhaps on some particular reaction or tissue. 

Multiple factors. Thus any single gene may affect a wide range of characters 
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in various parts of the organism. The converse is also true : one character may be 
affected by a number of quite different genes which are not allelomorphic to one 
another. Such series of genes, all acting upon the same character but not other¬ 
wise related to one another and often borne in separate chromosomes, are called 
multiple factors. There is an interesting case in poultry where the form of the comb 
depends on two pairs of genes P-p and R-r. Birds with the gene R but without P 
(as RRpp, for example) have the ‘ rose ’ form of comb, those with P but without r 
(like PPrr) have the pea type of comb, those with both R and P (as RRPP) have a 
third kind of comb called ‘ walnut ’, and finally those with neither R nor P ( rrpp) 
have ‘ single ’ combs. There is a rather similar case in sweet peas where the 
formation of coloured flowers depends on the presence of two non-allelomorphic 
genes. In Drosophila the colour of the eye depends on at least thirty different non- 
allelomorphic genes, the formation of chlorophyll in maize on more than fifty 
genes, and the colour of flowers of Primula sinensis on eleven. 

Characters determined by multiple factors may exhibit certain modes of inheri¬ 
tance which at first appear incapable of interpretation along Mendelian lines. The 
central idea in Mendelism is that any two different genotypes differ from one another 
in at least one gene ; there is no such thing as continuous variation among genotypes, 
genetic variation being always step by step (gene by gene). Now, in reality, many 
characters do vary continuously. Men, for example, show a continuous range of vari¬ 
ation from very tall to very short, or from very intelligent to very stupid. When sim¬ 
ilar cases are investigated in animals or plants it is found that if the extremes are 
crossed, F l is intermediate, and if this is self-fertilised, or brother and sister mated, F 2 
shows no signs of a i : 2 : 1 or 3 : 1 ratio, but includes all variations from one extreme 
to the other, seeming flatly to contradict the central Mendelian idea. In reality, 
there is no such contradiction. Suppose that, in some organism, size depends upon 
two pairs of genes, the largest individual being of the genotype AABB, the smallest 
aabb, and that the members of each pair have effects which are not alternative (as 
they were in Mendel’s tall and dwarf sweet peas), but additive, the genes A and B 
contributing to the size of the individual 6 units each, a and b, 4 units each. Then 


AABB 
( 24 units) 


aabb 

(16 units) 


AaBb 
(20 units) 



1. AABB 
(24) 


2 .AABb 2.AaBB 4 AaBb 1 .AAbb ^.aaBB 2. A abb 2 aaBb 
(22) (22) (20) (20) (20) (18) (18) 

Fig. 310. Explanation in text. 


1 aabb 
(16) 


as the table shows, F 2 includes a long series of sizes ranging from largest to smallest, 
and with only small differences between the successive groups. Indeed, since 
the environment will cause a certain variation among the members of each group 
(see p. 445 ), the whole series may show a range of continuous variation from one 
extreme to the other. But this apparently continuous variation in the phenotypes 
of F, is really made up of a large series of genotypes each differing from its neigh¬ 
bour in the series by a single gene. There can be no doubt that cases of apparently 
continuous variation are to be interpreted along these lines. 
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Some genes have little or no effect except in the presence of certain others. 
The most important are the genes determining sex-limited characters (p. 441) ; 
these are present in both sexes but take effect only in the special physiological 
conditions existing in one sex. Whether this physiological condition shall be of 
the male or female type is decided by the presence of one or two Af-chromosomes. 

Cases of this kind are important because they introduce the idea that the 
genotypic background, the entire collection of genes present in an individual, will 
influence the effects which any particular gene will have. A certain group of 
genes is concerned in the development of an oviduct in animals in which the 
balance between AT-chromosomes and autosomes favours the female, but is 
ineffective, at least in this way, if the balance favours the male. In Drosophila, the 
gene whose presence causes the eye to have the colour called * eosin 1 gives quite 
different colours if certain other (non-allelomorphic) genes are also present. One of 
these, called ‘ whiting makes the eyes white, * cream ’ makes them a pale yellow 
or cream colour, in spite of the presence of ‘ eosin ’. Yet another gene, ‘ dark ’, 
makes the eyes darker than eosin would alone. Thus here the single gene ‘ eosin’ 
may ‘ cause ’ the fly to have dark eyes, bright red eyes, cream-coloured eyes, or 
white eyes, according to the nature of the genetic background in which it acts. 

It should now be obvious that the idea of * unit characters each produced 
by one gene, is artificial. It is merely a convenient fiction and one which may be 
misleading. In reality every character, structure, or organ is produced by the 
activity of many genes. A certain constellation of genes is concerned in the pro¬ 
duction of the human eye ; if a certain one of these genes changes in a certain 
way, the result is colour-blindness and we say ‘ That gene causes colour-blind¬ 
ness ’, whereas in reality many hundreds of genes contributed to the formation of 
the eye and one of them was of such a nature that the eye was colour-blind. The 
gene caused the difference between colour-blindness and normal sight ; but if it 
had not been for the action of all the other genes there would have been no eye. 
It is the totality of all the genes, the whole genotype acting together, which deter¬ 
mines what the inheritance of the individual organism shall be. 

THE GENOTYPE AND THE ENVIRONMENT 

We know that two organisms which are genotypically different are usually 
phenotypically different, but that this is not invariably so ; for example, the geno¬ 
types AA and Aa give similar phenotypes (if dominance is complete, as it usually 
is). We come now to the fact that identical genotypes can, in different conditions, 
give different phenotypes. There is a little creature called Gammarus , resembling a 
sand-hopper ’, in which the eyes of individuals of a certain genotype are red at 
ordinary temperature, but at a higher temperature go black. In Chinese Prim¬ 
roses ( Primula sinensis), of a certain genotype, flowers which are red at ordinary 
temperature are white if the temperature is very high. In a race of rabbits, the 
hair, which is white at ordinary temperatures, is blackened at certain lower 
temperatures. A European butterfly (Araschnia leuana) produces two broods each 
year, one in spring and the other in summer, and the appearances of the two 
broods are quite different from one another, although the genotypes must in each 
case be the same. Experiment has shown that here again the difference depends 
on the temperature ; it is cooler in spring than in summer. Which of the two 
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alternative colour patterns the phenotype will show depends on the temperature of 
the environment at a certain stage in the development of the butterfly. In Drosophila 
rnelanogaster, flies of a certain genotype developing in a sufficiently moist environ¬ 
ment have certain markings on the abdomen, but if the environment is insuffi¬ 
ciently moist the markings do not appear. 

Facts such as these, and many others, lead to a very important conclusion. 
It is not correct to say that an organism with such and such a genotype will 
inevitably develop such and such characters. It is true to say that the organism 
with such and such a genotype will develop such and such characters under such 
and such conditions, but may show other characters under different conditions. 
A genotype, in other words, confers upon the organism a certain set of potential¬ 
ities, but the extent to which the potentialities are realised, and which of them will 
be realised, depends upon the environment in which the organism develops. It is 
also important that the extent to which the expression of a gene may be affected 
by the environment differs in different genes. For example, eye colour in man is 
very rigidly fixed by the genotype ; provided an eye with an iris can be developed 
at all, no environmental change is known which will alter the eye colour associated 
with any particular genotype. On the other hand, many other characters in¬ 
cluding such as height, weight, general health, resistance to disease and intellectual 
ability, are, within the limits set by the genotype, particularly subject to environ¬ 
mental influences like diet, education and so forth. There is an old controversy 
about * nature ’ and ‘ nurture ’, some claiming that ‘ nature ’ (the genotype) is 
more important than ‘ nurture ’ (the environment), in determining the phenotypic 
character, and others asserting the opposite. It should now be apparent that 
some characters are much more easily affected by environmental influences 
than others are, and that there is no such thing as a character wholly determined 
either by the genotype or by the environment, for every character is the result 
of a reaction between the genes and the environment. 


VARIA TION; MUTA TION 

The differences between organisms are called ‘ variations 
As we have seen, phenotypic differences may be the effects of different geno¬ 
types acting in similar environments (for example, tall and dwarf peas), or of 
similar genotypes acting in different environments (for example, production of 
different eye colours by identical genotypes of Gammarus at different temperatures). 
Many attempts have been made to prove that a variation induced in a phenotype 
by a change in the environment tends to be inherited : that the altered phenotype 
so affects the genotype that in later generations it will tend to reproduce the 
altered phenotype even though the change in the environment no longer operates. 
That this happens is urged especially when phenotypic changes occur as the result 
of use or disuse, as when a dancer’s legs strengthen ; it is claimed that the dancer’s 
children will tend to have strong legs even if they are not dancers themselves. This 
is what is meant by the ‘ inheritance of acquired characters ’. It will suffice to 
say here : (i) that in spite of many attempts, no satisfactory proof has ever been 
given that somatic cells can, in fact, affect the genotype in this way ; (2) that 
• there is very strong evidence to the contrary ; (3) that it is extremely difficult to 
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imagine a mechanism by which the effect could be brought about. We therefore 
conclude that the only inheritable variations are those arising in the genotype. 

We must next consider how genotypic differences arise. They arise in two 
ways : (i) by segregation and recombination of genes, (2) by mutation. 

We have already studied a number of examples in which variation is brought 
about by segregation and recombination of genes. Thus, when we started with 
two genotypes, crossing ‘ round green ’ pea plants with 4 yellow wrinkled ’, we 
obtained in F 2 , as though by the shuffling of these characters, the four types ‘ round 
green ‘ round wrinkled ’, 4 yellow green ’ and 4 yellow wrinkled ’, and instead of 
two genotypes, there were nine (p. 434). Variation caused by the segregation 
and recombination of different but already existing genes is brought about in 
meiosis and fertilisation ; as stated earlier in this book (p. 14), it is believed to be 
the effect that the sexual process has in furthering variation which has made it so 
successful and so widely distributed among both plants and animals. 

This tells us nothing of how allelomorphic genes become different in the first 
place, and indeed this is a matter about which little is known. If one keeps a 
stock of Drosophila (or any other organism) in which all the individuals are geno¬ 
typically identical, there occasionally appears a variation in some single individual 
which proves to be inherited according to Mendelian principles. Such an in¬ 
herited change is a mutation. Mutations are of a number of different kinds. They 
may be due to changes in the chromosome number which are not so severe as 
to prevent the organism from reproducing, or chromosomes may have fragmented, 
or parts of chromosomes may have been rearranged. These may be called chromosome 
mutations because they involve whole chromosomes or considerable fragments ; 
they are much more important in plants than in animals. In animals gene muta¬ 
tions are more important in originating variations. A gene mutation is a change, 
presumably chemical, in a single gene. It is an exceedingly rare event ; probably, 
on an average, any one gene suffers a mutation in one out of a million individuals. 
Mutations are not slow and gradual changes, but each apparently occurs in a single 
abrupt step. When a gene has suffered a mutation the new gene, of course, con¬ 
tinues to occupy the same position in its chromosome as before and is allelomorphic 

with the unchanged gene occupying corresponding positions in homologous 
chromosomes. 


Nothing is known of the causes of mutation ; they appear to be 4 spontaneous 
Methods are, however, known, by which their frequency can be artificially and 
greatly increased. Arrays, and a, {1 and y rays, will all induce mutations if the 
animals are treated with suitable dosages at the right time. The mutations so 
induced resemble those occurring spontaneously and the effect is not specific. All 
sorts of mutation occur and no way has yet been found of producing desired muta¬ 
tions at will, and not others. The great importance of a discovery enabling this 
to be done is evident, for it would open the door to a great acceleration in the 
production of new varieties of domesticated animals and plants, and would even 
make possible the deliberate control of human evolution. 


HEREDITY IN MAN 

The study of human genetics is made difficult by the impossibility of perform¬ 
ing experiments, by the small size of human families, and by the slow rate at which 
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men breed. Nevertheless, it has become clear that the Mendelian principles 
apply to heredity and variation in man as well as in other organisms. 

Many deformities and diseased conditions are known to be ‘ inherited but it 
is less clearly realised that a hereditary mechanism must be regarded as involved 
in all conditions of health and disease. That heredity is involved is clear enough 
in abnormalities caused by dominant genes, for then the condition reappears in 
every generation of an affected family. An example is symphalangy , an abnormal¬ 
ity of the finger joints which has been traced through one family for five hundred 
years. The role of inheritance is less obvious when the gene concerned is an auto¬ 
somal recessive, for such a gene can be transmitted through many generations, 
always in the heterozygous condition, and is only discovered when a homozygous 
individual appears. Fig. 311 shows the ancestry of two second cousins who were 
to all appearances perfectly normal, who married, and who produced five children. 
Three of these suffered from juvenile amaurotic idiocy, a condition in which 
children who at first appear normal go blind when they are about eight, are idiots 
at fifteen, and are usually dead at twenty. As the family tree shows, the cousins 
were descendants of the same great-grandparents, one of whom must have been 
heterozygous for a recessive gene which, when homozygous, causes this type of 
idiocy. From him, the gene descended through three generations of normal 
men and women who like him carried the gene in the heterozygous state, to the 
cousins, each of whom was likewise heterozygous. Half the gametes of each cousin 
carried the recessive gene, and some of the children, being homozygous, displayed 
the pathological condition. 

This pedigree shows why consanguineous marriages are genetically dangerous. 
The likelihood that pathological recessive genes, present, though quite unsus¬ 
pected, in the heterozygous state in the parents, will come into the homozygous 
condition and produce abnormality or disease in the children, is much greater 
than in marriages between unrelated persons. 

Evidently, such a case as this shows that it is genes, and not characters, which 
are inherited. The disease had not displayed itself for at least four generations of 



□ □ ■ Males □ O Homozygous normal 

O O • Females □ © Heterozygous normals 

■ • Idiots 

From Haldane, ‘ Heredity & Politics Allen & Unwin 

Fio. 311 . A pedigree showing inheritance of the recessive gene determining juvenile 

amaurotic idiocy (after Sjogren, part omitted). 
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ancestors of the afflicted individuals, 
and indeed may never have appeared in 
any of them ; but the gene passed 
through an unknown number of gener¬ 
ations before its presence was so disas¬ 
trously revealed. 

Sometimes a character or a disease 
reappears in a family in successive gen¬ 
erations but is much commoner in males 
than in females. In such cases the gene 
concerned is probably a sex-linked re¬ 
cessive. Such a gene, if present in a 
male, reveals itself because only one X- 
chromosome is present and the dominant 
allelomorph is therefore absent ; in 
females, it reveals itself only in homo¬ 
zygous individuals for in heterozygotes 
it is suppressed by the normal dominant 
allelomorph. Red-green colour-blind¬ 
ness in man depends on a sex-linked 
recessive gene. The severe form of 
haemophilia, a condition in which the 


heterozygous femole normal male 
(normal but carrier) 



gametes 



zygotes 




normal normal heterozygous .. . 

female male female mo/e 

(carrier) 


Fig. 312. A diagram of the usual mode of 
transmission of the gene (black circle) causing 
severe haemophilia. 


blood clots extremely slowly and sufferers usually die young from loss of blood after 
some trivial cut, is another example, and one which again shows that it is genes, 
and not characters, which are inherited. Haemophiliacs, or ‘ bleeders ’, are always 
males ; this is partly because a female ‘ bleeder ’ could only be produced by 
marriage between a male bleeder and a female heterozygote and this is unlikely 
to occur because bleeders rarely live long enough to become fathers. Hence the 
gene is transmitted through apparendy normal heterozygous women but the disease 
is confined to boys, who rarely or never transmit it. 

A variety of circumstances may make difficult the recognition of the inherited 
factor in a disease. Thus, Huntingdon’s chorea, a variety of St. Vitus’ dance, is a 
disease of the nervous system ; its victims usually die insane. It depends on a 
dominant gene and should therefore be manifested in every generation of an 
afflicted family. But since its onset does not usually occur until the latter half of 
life, affected people may have children and die of some other cause before develop¬ 
ing the disease ; but some of their children will carry the gene and will develop 
t e disease if they live long enough. Another interesting dominant autosomal 
gene has an invariable effect which is quite trivial : the sclera of the eye is 
thinner than normal and the pigment of the choroid shows through it, making the 

^ ap P ear “ u “ h - But many people with blue sclera also have 

u Jozn * and ; U f ffer from muIti P le fractures > ”hich may even occur m 
utero and lead to grave deformities, and there may be deafness. Each of these two 

conditions appears in about forty per cent of people having blue sclera Once 
eSrStenT" 3 ^ 7 ° f the gene may be due to differences in the 

noniZiittl CnV,r ° nment ^ ^ UtCrUS * ° r t0 action 

Finally, and to take an extreme case, there can be no doubt that the heredity 
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F. Multiple fractures D. Deaf 

From Haldane, * Heredity & Politics Allen & Untcin 

Fig. 313. A family pedigree showing blue sclerotics (sclera), associated with deafness and multiple 
fractures, in several generations. All the spouses were normal (after Coulon). 


of an individual plays a part even in such an accident as a broken leg. The 
breaking of a bone depends on the violence of the strain to which it is subjected 
and on the strength of the bone, and this in turn is determined by its structure, by 
the arrangement and strength of its collagen fibres, and by the degree of its 
mineralisation ; and it would be surprising indeed if there were no genotypically 
determined variations in these. Indeed, it is known that certain genes do influ¬ 
ence the strength of bones, for example that which causes ‘ blue sclera \ 

We have so far discussed characters genotypically differing from the normal 
in a single gene. As we have seen (p. 444) it has been possible to show in animals 
and plants that characters which vary in a continuous manner, showing every 
possible gradation between extremes, are determined by multiple genes, inherited 
according to Mendelian laws. In man the necessary experiments cannot be per¬ 
formed and statistical methods must be used instead. The object of these is to 
reveal how far a character is determined by heredity and how far by environment. 
If heredity were the sole factor in determining height (for example), the offspring 
of tall or short parents would have an average height equalling that of their parents, 
but if heredity played no part the height of the offspring would equal the average 
of the population. Actually, the children of tall parents are shorter than their 
parents, but taller than the average, while those of short parents are taller than 
their parents but shorter than the average. This tendency of offspring to be 
nearer the average than their parents is called ‘ filial regression ’ ; and it is clear 
that the stronger the influence of heredity on the character, the less the filial 
regression. When the offspring show filial regression, environment must play a 
part, but if they do not regress as far as the average, heredity must play a part too. 
In the case of stature, the two influences seem statistically to have about equal 

effects • 

Intelligence (or the faculty which psychologists measure in their ‘ intelligence 

tests ’) appears to depend rather more on heredity than on environment. I e 

most convincing evidence comes from the study of twins. There are two kinds of 

twins : (a) ‘ fraternal ’ twins, who may be of different sexes, who are not more 
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alike in appearance than ordinary ‘ sibs ’ (brothers and sisters), and who are 
derived from two ova fertilised each by a distinct spermatozoon, ( b ) ‘ identical ’ 
twins, who resemble one another very closely indeed, are always both of the same 
sex, and are both derived from the same zygote, the embryo having at an early 
stage divided into two parts each of which developed into one of the twins (cf. p. 
421). Two identical twins thus have the same genotype while the genotypes of 
fraternal twins are not more alike than those of ordinary sibs. Intelligence tests 
show a closer resemblance between identical twins than between fraternal twins, 
as is expected if the faculty measured by the tests is partly genetically determined. 
The effect of environment can be studied in the rare cases of identical twins who 
have been reared apart (that is, in different environments). Nineteen such cases 
have been studied, a number which is too small for conclusions drawn from them 
to be accepted with safety, but it is significant that in general there was little more 
difference in the results of intelligence tests between members of pairs of twins 
reared apart than between members of pairs reared together. Nevertheless, there 
were six pairs whose members had had marked differences in opportunity and in 
five of these there were corresponding differences in ability ; thus environmental 
differences can exert a considerable effect. 

Moral traits are even more difficult to assess than intelligence, and in them 
environment is probably of greater importance than it is in fixing intelligence. 
But that heredity plays a part not without importance is indicated by the fact that 
if one member of a pair of identical twins becomes a criminal there is more 
likelihood of the other twin doing so too than if they were fraternal twins. 

One frequently hears it demanded that persons suffering from hereditary 
maladies should be sterilised. Setting aside the considerable social and political 
dangers involved in these proposals, the following can be said on the efficacy of 
such a proceeding. (1) Abnormalities caused by dominant genes could be 
abolished in a generation, for, in general, every dominant pathological gene could 
be recognised and the individual sterilised. (2) The presence of pathological sex- 
linked recessive genes in males, and in females when homozygous, could be 
recognised and the individuals prevented from reproduction, but heterozygous 
females could not be detected and would continue to hand on their genes. (3) The 
presence of autosomal recessive genes is only discoverable in homozygotes ; 
heterozygotes are unrecognisable and would continue to hand on the genes. 
Sterilisation, in each successive generation, of all homozygous individuals, would 
begin to have a noticeable effect on the frequency of the pathological gene after 
about a thousand years. (4) Conditions caused by several or many recessive 
genes, as is probably the case with ordinary feeble-mindedness, would be affected 
even more slowly. (5) Sterilisation would prevent the birth of many normal as 
well as of many abnormal children. An investigation of 345 children with one or 
both parents mentally defective showed that only 25 were themselves defective. 
Therefore, prevention of the birth of these twenty-five by sterilising their parents 
would also have prevented the birth of 320 children who were not defective, of 

whom only 18.5 per cent were backward, the majority normal, and 3 per cent 
above the average. 
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EVOLUTION 

THE COMING OF THE IDEA OF EVOLUTION 

From the earliest times of which we have written knowledge, man has con¬ 
cerned himself with problems of origins, and especially with the origin of him¬ 
self and of the animals and plants around him. In our own civilisation, opinion 
on these as on many other subjects was for centuries fixed by the statements found 
in the sacred books of ancient Israel, and it was believed that the world and every¬ 
thing in it was created in six days, that all the species of animals and plants which 
now exist then sprang instantaneously into being, and have persisted unchanged 
ever since. 

The notion of the origin of animals and plants which is contained in Genesis is 
known as the theory of special creation. Usually, in discussing the merits of any 
theory- the first task is to consider the evidence upon which it is founded. In this 
instance to do so is impossible ; there is no evidence in favour of special creation. 
Belief in it depends solely upon one’s faith in the reliability of the Bible as an 
objectively accurate history of events. No evidence, other than is found in the 
Bible itself, is advanced, Nevertheless, the biblical account of creation held 
unchallenged sway in Christendom until the nineteenth, or perhaps the latter part 
of the eighteenth, century of the Christian era. There is in history no more 
devastating example of the paralysis inflicted upon the human mind by undue 
reverence for the written word. 

The contrary idea, that of organic evolution (p. i), first conceived by several 
philosophers of the ancient Graeco-Roman civilisation, was forgotten during 
nearly two millenia of the Christian era but was revived by several thinkers of the 
eighteenth century, including especially the French zoologist and botanist, 
Lamarck (1744-1829). It was, however, not until the coming of Charles Darwin 
(1809-1882) that the crisis arose between the ideas of special creation and evolution. 
Assembling an immense volume of carefully observed and critically judged 
facts, marshalling them against ‘ special creation ’ and in favour of evolution, and 
to this adding an intelligible and probable theory to describe how and why 
evolution had occurred, Darwin forced the problem on the attention of thinking 
people. His great book, The Origin of Species by means of Natural Selection or the 
Preservation of Favoured Races in the Struggle for Life was published on November 24, 
1859. At once there broke out the great controversy of the Victorian period. It 
rocked the Church, it broke the Age of Faith for ever, and it ended in the over¬ 
whelming victory of science. The victory was inevitable, partly because ol 
Darwin’s mass of accumulated evidence, and partly because at the time, when 
Society was filled with the idea of progress, and ‘ survival of the fittest was the 
core of the faith in economic liberalism at home and imperial expansion abroad, 

the intellectual climate was ready. , . . . , . 

Darwin dealt with two quite distinct questions : whether in fact evolution h 
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occurred or not, and, if so, what its mechanism had been. To-day virtually every 
biologist accepts the evolutionary theory. In the next section we shall briefly 
discuss some of the evidence on which this opinion is founded. 


EVIDENCE FOR EVOLUTION 


The form of the argument for organic evolution, as distinct from the evidential 
facts, can be summarised in two sentences : The study of animals and plants 
presents us with a body of facts, and for the interpretation of these the two theories 
of creation and evolution are offered. If evolution is accepted, the facts fall into 
their place, reasonably, as parts of a connected whole, telling a story that the mind 
accepts, but if special creation be accepted, the facts are meaningless, mere 
puzzles with no rational answer. 

The evidence comes from all the branches of biological science. It can be 
classified under some six headings : (i) The evidence from palaeontology, the 
science of fossils ; (2) from comparative anatomy and embryology ; (3) from the 
geographical distribution of organisms over the earth ; (4) from ‘ systematics ’ ; 
(5) from domesticated animals and plants ; (6) from immunology. 


Evidence of fossils 

Fossils provide almost the only direct evidence of evolution, for it is only by 
finding actual remains that we can prove that there once existed on the earth 
animals and plants different from, and in many cases more simply organised than, 
those now existing. Fossils are the remains of dead animals and plants whose 
bodies are entombed, usually in sand or mud, which later hardens into rock. The 
soft parts rot away but the hard parts, such as shells, bones or wood, are infiltrated 
by mineral substances and ‘ petrified ’, or turned into stone ; in this condition 
they may persist for many millions of years and when discovered may accurately 
reveal their original form while their inner structure may be preserved in micro¬ 
scopic detail. In fine-grained rocks like shales even the imprint made on the 
ancient mud by the soft parts may be preserved and recognisable. The conditions 
under which fossilisation occurs are exceptional and the event rare, for nearly 
always a carcass is totally destroyed by bacterial decomposition, and no trace is 
ltfttokpreewd in the rocks formed from the mud or sand in which it becomes 
embedded. Even when a fossil has been formed it must be preserved in that state 
over many millions of years and the entombing rock must escape destruction by 
weathering or by contact with intrusive masses of molten igneous rocks. Finally 
the fossil must be found by someone who recognises it for what it is and who cares 
enough about it to keep it. If one remembers these things, the marvel is not that 

there are gaps in the fossil record but that the remains of so many long-extinct 
organisms should now be known. 

at aU^imes^n^b^^^i! 5 ^ ( ‘ sedimentar y * rocks) have been deposited 
ran * ^ St0ry ( exce P t Ac vet 7 earliest, when no living things 

n have existed), and it is possible to discover their relative ages, the guidW 

principle being that the later formed rocks are deposited on top of the older.^Now^ 
rorkfth “ t ? C ’ U , 1S 1 t0 bc ex P ected that ^ we descend through older and older 

and t£t ^ PkntS f T d 35 fOSSUs wU1 become less those alive to-day, 

and that they will be more and more primitive. These expectations are fulfilled 
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Geological time is divided into five great eras : Archeozoic, Proterozoic, Palaeozoic, 
Mesozoic, and Cenozoic. It is believed that the first living things oiginated 
some time during the Archeozoic, and in the Proterozoic are found fossil 
worms. In the Palaeozoic are other invertebrate animals but at first no 


vertebrates. The first vertebrates, strange fish-like creatures without jaws and 
remotely related to the modern lampreys and hag-fishes, appear in the Ordovician. 
period of the Palaeozoic era. The true fishes and the first land plants come in 
the next period, the Silurian. In the Devonian, appear the earliest seed plants and 
trees. The first insects, too, appear in the Devonian, and near its end is a 
momentous event, the first land vertebrates, clumsy lumbering amphibians. The 
reptiles are first found late in the Carboniferous, when the coal was laid down in 
dense, marshy forests. The great age of reptiles came in the Triassic and Jurassic, 
when strange and gigantic Dinosaurs ruled the earth, the dolphin-like Icthyosaurs 
the sea, and the weird flying Pterodactyls held undisputed command of the air. The 
mammal-like reptiles are first found in the Permian, and the first mammals in the 
Triassic, while the first bird is found in late Jurassic rocks. In the Cretaceous 
appear true flowering plants and the first eutherian mammals. Man is first found 
in the Pleistocene, almost at the very last page of the record. The important 
feature of this succession of fossils is the order in which they come ; the more 
primitive forms are found in the older rocks, the more advanced forms in the 
later. The invertebrates precede the vertebrates, creatures more primitive than 
fishes precede the fishes, the fishes precede the amphibians, the amphibians come 
before the reptiles, the reptiles are followed by the mammals and birds, and man is 
at the end. This is exactly the order expected if evolution is true, and it is re¬ 
peated on a smaller scale within each group, primitive reptiles before advanced 
reptiles, and primitive mammals before advanced mammals. 


An interesting example, on a smaller scale, of a series of fossils leading from 
ancient to modem forms, is provided by the horses, of which thousands of more or 
less complete fossil skeletons have been found and grouped into about 260 
species, of which a dozen or so survive 


to-day. The most ancient of these 
fossils come from lower Eocene rocks, 
and are those of a little animalabout 
the size of a fox-terrier and called 
Eohippus (the * dawn horse ’). Instead 
of the single toe which we find on each 
foot of the modem horses, there were 
in the'fore foot four toes and a vestige 
of the fifth, and three in the hind 
foot ; each toe had a little hoof. The 
fossils recovered from more recent 
rocks become more and more like 
modem horses. One toe in each foot 
becomes larger by comparison with 
the others, which shorten and are 
finally reduced to the splint-like ves¬ 
tiges seen to-day. At the same time 
the animals enlarge, passing through 



A B C D 

From A. S. Romo, ‘ Man and Uu Vertebrates \ 
by permission oj University of Ckic^o Press 


Fio. 315. The fore feet of: A, Eohippus from 
the Eocene ; B, Miohippus (Oligocene) ; C, 
Merychipbus (late Miocene) ; D, Emms, the 
modem horse. 
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stages as big as large dogs, as Shetland ponies, as small horses, and finally reaching 
the size of the modern horse, while the facial portions of their skulls become 
relatively longer, the simple teeth of the older forms undergo progressive complica¬ 
tion till the elaborate teeth of modern horses are produced, and in general all parts 
of the body are slowly transformed into those of modern horses. 

These evolutionary changes in the horses are connected with changes in the 
environment. The fossil plants show that in the time of Eohippus the climate of 
the temperate and sub-tropical parts of the northern hemisphere was moist and 
the land forest-covered, but that later a slow desiccation set in and over great 
areas the forests gave place to open wood-lands and grass-covered plains. Here 
lived the descendants of Eohippus. They were followed by carnivores like the 
ancestors of the wolves and these placed a premium on any genetic change tending 
towards increased speed ; there followed the gradual evolution of the larger size, 
longer legs, and single hooves of modern horses. The increasing bulk had to be 
fed, and the simple teeth of Eohippus , adequate enough for a little animal eating 
the succulent forest leaves, could not feed a much larger animal on the hard 
grasses of the plains. Again advantage attached to change, and as the ages 
passed the teeth became better and better grinders till in the modern horses they 
form mill-stones provided with sharp ridges which are automatically sharpened by 
the act of chewing. 

Evidence from comparative anatomy and embryology 

(a) Since, on a creationist view, every organism was created in perfect adapta¬ 
tion to its environment, one would expect organic structure to be determined by 
environment and mode of life and that organisms living similar lives in the same 
environment would resemble one another in structure. Let us take, as an example 
of environment, the sea, and of a mode of life, swimming in it, and let us confine 
ourselves to the vertebrates. Among them we find the following marine freely 



Fio. 316. Some aquatic vertebrates. 
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swimming groups : the fishes, among reptiles the icthyosaurs, pleisosaurs and 
turtles, among birds the penguins, among mammals the whales, the manatee and 

dugong and the seals. ... 

Now, whether the evolutionary theory or the creationist theory is true, we 

shall expect to find the marine vertebrates adapted to their environment, and of 
course this is what we do find.' Thus there is a tendency to develop a fish-like 
stream-lined form, and for the limbs to be fins or to resemble fins. But if, as the 
evolutionist contends, the different kinds of marine vertebrates, other than the 
fishes, are the modified descendants of terrestrial reptiles, birds, and mammals, we 
should find in some, underlying the special adaptations to their particular environ¬ 
ment and mode of life, an organisation fundamentally like that of the land-living 
reptiles, in others like that of the land birds, and in others again like that of 
terrestrial mammals. On the other hand, if each of these marine forms was 
originally created just as it is, and is therefore not a modified descendant of land¬ 
living ancestors, there is no reason why there should be such an underlying 
resemblance to terrestrial forms. Nevertheless, the structural resemblance is there ; 
whales, seals, dugongs and the like have the structure of mammals, penguins of 
birds, turtles of reptiles ; all these marine forms are in fact quite obviously built on 
the lines of the great predominantly terrestrial groups to which we assign them. 
If they have arisen by evolutionary changes, the facts of their structure are com¬ 
prehensible, but if not, the facts are left a baffling mystery, incapable of rational 
explanation. 

( b) Similar considerations apply when we consider the different modifications 
of basically similar structures. Here we may take as our example the penta- 
dactyle limb of land vertebrates. This remarkably adaptable structure has been 
put to use in the service of almost every imaginable mode oflocomotion. We have 
seen it in the rabbit somewhat modified as the running and hopping limbs of a 
small terrestrial animal, and in the frog adapted for hopping and swimming. We 
have mentioned its adaptation in the horse to fast running on hard ground, and 
we are familiar with it, in one of the least altered forms, in our own grasping hands. 

But we must add to these, first, its adaptation as a wing. In the three groups 
of truly flying vertebrates we find it in the pterodactyl provided with a finger 
of enormous length supporting the skinny membrane of the rather bat-like 
wing, in the birds as a jointed rod making the stiff fore-edge of a wing constructed 
of feathers, and with the digits reduced in length and number, finally in the bats 
with four very long drawn-out fingers supporting' the membrane of skin rather 
like the ribs of an umbrella. Other special modifications are seen in swimming, 
digging and burrowing animals like ant-eaters and moles, and in many minor 
variants of these and other modes of locomotion. Yet all these manifold variations 
of form and structure can be shown to be modifications of a single basic pattern, 
that of the pentadactyle limb described on p. 163. It is not easy for one holding 
creationist views to tell us why in so many animals, moving about in such diverse 
ways in such varied environments, the limbs should all have been created as so 
many variants of one pattern ; but to the evolutionist, the limbs of the terrestrial, 
and secondarily aquatic, vertebrates are built on the pentadactyle plan, because aU 
these animals are descended from ancestors with five-fingered limbs, and during 

their evoktion the limbs have been variously modified in adaptation to locomotion 
in different special environments. 
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Fic. 317. Some modifications of the pcntadactyle limb. 


(c) Among the most convincing of the evidences for evolution are ‘ vestigial 
structures Many organs are found, large and well developed in animals in 
which they serve an important function, but in other species, in which they have 
lost this function, in so reduced a condition that they are said to be ‘ vestigial \ Of 
course it is very difficult to prove that vestigial structures are really functionless, 
and indeed it is likely that in many cases they have survived in their reduced 
state because of their value in some new function which may be quite different 
from the old, and is often apparently much less important. 

Whales have, to all outward appearance, no posterior limbs, But dissection 
reveals one or two little bones which can only be interpreted as all there is of hind- 
limb skeleton. Most snakes show no trace of legs at all, but in some there is a 
bony vestige of limb girdle and limb and even, in some, a pair of small claws pro¬ 
truding from the surface of the body. The kiwi, a flightless bird from New Zea¬ 
land, has, in fact, a tiny and apparently quite useless wing. Man bears within him 
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a little bony vestige of a tail. Evolutionists 
interpret such structures by the supposition that 
in the ancestors of the animals in question they 
were large and functional ; but the creationist 
can offer no interpretation save that the animals 
were created with their vestigial structures as 
they are, of course explaining nothing. 

( d) It is a commonplace of biology that the 
embryos of different animals usually resemble 
one another more closely than do the adults. 

Nor is the resemblance merely one of outer form. 

The embryonic chick or mammal develops phar¬ 
yngeal pouches which resemble those bearing 
gills in a fish, while the simple tubular heart 
and the arrangement of the arteries are much 
more fish-like than like those of the adult bird or 
mammal. The young mammalian embryo has 
a yolk-sac like that of its reptilian ancestors, but 
it is empty of yolk. Every vertebrate embryo 
has a notochord, but only in the more primitive forms does the notochord form any 
important part of the adult skeleton. The aquatic tadpole of the frog, if it 
alone were known and the adult amphibian not known, could only with difficulty 
be excluded from the class of fishes. Still more dramatic are the young stages of 
certain crustacean parasites (p. 565). 

The points of resemblance found between embryonic stages of more advanced 
and the adult stages of more primitive organisms led to the formulation of a theory 
called the Law of Recapitulation. According to this 4 Law every organism, in its 
development, repeats its evolutionary history. Thus the ovum is supposed to 
represent the unicellular protozoon ancestor, the gastrula a diploblastic ancestor, 
the stage with pharyngeal clefts and fish-like vascular systems represents a fish-like 
ancestor, and so on. Few would now defend the theory in this crude form. In the 
first place, an embryo is an embryo and not an adult. The embryonic chick with 
visceral clefts and fish-like heart and arteries is not like a fish ; but it is like an 
embryonic or larval fish. It is evidence of kinship with animals that have similar 
young stages, and it is evidence of descent from fishes because the evolution of 
these structures in the first place is only intelligible if the adult had a perforated 
pharynx and blood vessels arranged in this way. Secondly, the evolutionary pro¬ 
cess does not affect the adult only, for embryos and larvae evolve too, acquiring 
features and organs never found in any adult but reflecting the peculiar needs of 
the young forms. The just-hatched tadpole has a cement gland by which it 
attaches itself to water weeds ; the late chick embryo has a horny projection from 
its beak by which it breaks open the shell. The embryonal membranes, and the 
ventrally open guts of reptiles, birds and mammals are other examples. Such 
characters, obviously never possessed by ancestral adults, distort the resemblances 
between embryos of different forms. 

(<r) When Darwin published his epoch-making work, one of the easiest points at 
which to attack the evolutionary theory was on the question of forms intermediate 
between great groups of organisms. If birds are descended from reptiles, there 
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must once have been creatures that were half bird, half reptile. If man is derived 

from some ape-like precursor, where is the ‘ missing link ’? The attack is more 
easily repulsed to-day. 

The gulf between man and beast has been bridged by fossils like Pithecanthropus 
(p. 308). 

One of the most remarkable of fossils lessened the gap between reptiles and 
birds. Archeopteryx, a rare fossil from the Jurassic, was a bird. It had wings and 
flew, and it had feathers. But it had teeth and a long tail like a reptile, and the 
hand was intermediate between that of a reptile and the very specialised hand of 
a bird. 

The gap between the reptile and the placental mammals is made narrower by 
the two living monotremes, the playtpus and the spiny ant-eater, which are un¬ 
doubted mammals, having hair, producing milk, and showing other mammalian 
characters in their internal anatomy. But they lay eggs, show many anatomical 
features resembling reptiles, and although they are homoiothermic their powers of 
temperature regulation are much less perfect than those of other mammals. 

If the monotremes may be regarded as reptile-like mammals, from palaeontology 
comes the discovery of the mammal-like reptiles called Theromorphs with skeletons 
like those of reptiles but showing in successive strata a progressive approach to the 
mammalian condition, especially in the skull and the articulation of the jaws, in 
the teeth, and in that the legs, like those of a mammal, lift the body clear of the 
ground. 

In the same way the fishes are brought nearer to the amphibians by our know¬ 
ledge of various fossil fishes and of existing forms like the various fishes with lungs. 

The great gap between the chordata and their invertebrate ancestors remains 
open ; some evidence suggests a relationship with the phylum echinodermata 
which includes the star-fishes, sea-urchins, and others, through long extinct soft- 
bodied common ancestors which have left no fossil remains. 

Evidence from geographical distribution 

The study of the distribution of animals and plants over the earth’s surface 
presents many problems which can be resolved only in evolutionary terms. One 
such is provided by the peculiar fauna of Australia, which includes the only sur¬ 
viving monotremes (the platypus and spiny ant-eater), nearly all the world’s 
marsupials, and very few placental mammals. According to the creationist, the 
Australian fauna was thus created and no further explanation can be given. The 
evolutionist, on the other hand, remembers that fossils show marsupials once to 
have been wide-spread through the world, that geological evidence indicates 
Australia to have been joined to Asia, and perhaps also through Antarctica to 
America ; he advances the view that Australia was colonised by the monotremes 
and marsupials at a time before the arrival there of the placental mammals, 
and that by the time the placentals, which originated elsewhere, had spread so 
far that they could have invaded Australia, the land connection had been 
broken and Australia established as an ‘ island continent ’. 

Some of the most convincing of the geographical evidences of evolution is 
provided by islands. These arc of two kinds. One kind resembles, in the struc¬ 
ture and arrangement of its rocks, a neighbouring continent, of which geologists 
consider such islands to be detached fragments. They are known as ‘ continental 
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islands ; the British Isles, recently isolated pieces of the European continent, are 
good examples. The other sort, called ‘ oceanic ’ islands, show in their geological 
structure nothing to indicate that they have ever formed part of a continent ; they 
have, on the contrary, been formed by folding in the bed of the ocean, or by 
volcanic action, or have been built as coral islands by the skeleton-forming activity 
of innumerable colonial animals belonging to the same phylum as Hydra. Now, 
if the insular flora and fauna were separately created in each case, there is no 
reason why those of continental islands and of the neighbouring continent should 
be alike, nor why those of the two sorts of islands should be different. But in fact 
this is the case. In general, the flora and fauna of a continental island consists of 
forms resembling, though often not of the same species as, those found on the 
continent ; the resemblance is closer the less the time that has elasped since the 
disappearance of the continental connection. In particular (for our present pur¬ 
pose), continental islands have many animals like frogs which can neither fly 
nor survive immersion in salt water. The animals and plants of oceanic 
islands, on the other hand, include only such forms as have been able to reach 
them across the sea ; there arc therefore birds and flying insects, but usually no 
amphibians, no reptiles, and few terrestrial mammals ; Bermuda, for example, 
has no indigenous mammals, frogs or snakes, and only one lizard, but many birds! 

Evidently, the evolutionary hypothesis, according to which there are found in 
any land only those forms of life which have either evolved there or have spread there 
from somewhere else, is in accord with the facts, while on a creationist view no 
attempt at explanation is possible. 


Evidence from systematics 

Systemalics is the study of animal and plant classification. If all species of 
animal were originally created once and for all distinct, there should be no diffi¬ 
culty in making lists of them, and in knowing to what species every animal or plant 
belongs. On the other hand, if species change, if, spreading into new environ¬ 
ments, they become adapted to them, splitting up into daughter species, it is to be 
expected that many will be found in process of evolution now. In this case 
we shall expect to find many species, especially those with a wide geographical 
range, to be divisible into varieties differing from one another in several small 
respects, and often there will be uncertainty whether these varieties should or 
should not be regarded as distinct species. One authority divides the English 
brambles and roses into sixty-two species, another into two. The tiger shows 
various differences in size, length of hair, and closeness of striping in different parts 
of its range ; some zoologists rank these different beasts as different species, while 
other, say the distinctions are too slight for this. In many such cases it is probable 

difficul^T 15 T n n ° WSpl,tting UP into several daughter forms and that the 
fact that he . e sy ! tematl * t m arranging his specimens into categories reflects the 

exi ts Such a ng r m raW P distinctions w ^re no sharp distinction yet 
she of what th affairs is expected if evolution is occurring, but is the oppo- 

site ol what the creatiopist must expect to find. 

Evidence from domesticated animals and plants 

That animals and plants can change their form and structure is dramaticallv 
shown by animals like the domestic dogs, cats, hones, cattle, fowls em The 
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greyhound, bull-dog, mastiff, fox-terrier, dachshund, would certainly be classified 
into different species if they were found wild. Since they freely interbreed and 
since mongrels show all conditions intermediate between the different breeds 
they are all actually one species. It is probable that in plants hybridisation hal 
been an important factor in producing new species in nature ; and in a few cases 
it has been possible, by artificially crossing two existing species, to produce genuine 
new species of plants which breed true and are more or less sterile when back 
crossed with the parent species. Such directly observed origin of a species should 
surely close the controversy about evolution. 

The immunological evidence 

If the blood of a species A be injected into another species B, the blood of B 
acquires the power to precipitate the proteins of the blood of A. It is then found 
to be able to precipitate the blood of other species related to A, but to a degree 
which depends on the closeness of the relationship. The blood of a rabbit {B) 
sensitised to human blood (A) will precipitate not only human blood but also, 
though in less degree, that of apes, more feebly that of monkeys, still less that of a 
South American spider monkey, and scarcely at all that of any other animal. 
The degree of precipitation coincides with the degree of relationship inferred from 
anatomical studies. Blood tests suggest that whales are more akin to ungulates 
than to carnivores, thus assisting in classification, for the anatomists were unable 
to decide between these two possible relationships. Many other instances of 
chemical affinity have been demonstrated. What this biochemical evidence shows 
is a similarity between the proteins in the blood of animals thought on morpho¬ 
logical grounds to be related. It is not direct proof of evolutionary relationship, 
but contributes to the weight of evidence for that view. 

MECHANISM OF EVOLUTION 

The theory which Darwin advanced to account for the occurrence of evolu¬ 
tion was that of ‘ natural selection With certain modifications made necessary 
by the advancement of knowledge since Darwin’s time, the theory is still accepted 
by the great majority of biologists. Nevertheless, there is less agreement among 
them on the question of how evolution has come about than on whether it has 
occurred, on which there is virtual unanimity. 

Darwin was greatly influenced by the work of Malthus (1766-1834), an 
English clergyman who can have had no idea that he was making a contribution 
to evolutionary theory. Malthus was impressed with the rapid increase of the 
English population which was then in progress ; he believed the population to be 
growing faster than its food supply. Famine would be the natural result; in that 
famine the stronger would get the food and the weaker would starve. Darwin, 
casting about in his mind for something that would answer the ‘ how? ’ of evolu¬ 
tion, remembered Malthus’ book, and remembered too that in all organisms far 
more offspring are produced than can possibly survive. For example, the number 
of fertile eggs produced annually by some fishes runs into millions. Since the 
number of organisms in the world remains fairly constant, it is obvious that nearly 
all those which come into the world die without reproducing themselves. Many of 
these deaths are doubtless in no way selective, but come impartially to the fleet and 
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the slow, to the strong and the weak. But, argued Darwin, an individual endowed 
with any quality helping it to avoid premature death would be more likely than 
its fellows to survive. Now, Darwin, of course, knew that all organisms are vari¬ 
able, and he believed that differences between individual animals and plants 
tended to be inherited. Hence, all those qualities which enable the survivors to 
survive would tend to be passed on to their offspring and so, in generation after 
generation, certain qualities, favourable in the competition for survival, would 
tend to be more and more developed and to appear in larger proportions of indi¬ 
viduals, while unfavourable qualities would tend to disappear. There would thus 
be a gradual change in the character of the organism ; and this change is evolu¬ 
tion. Evolution, then, depends on two factors : (a) the occurrence of variations, 
some of which increase the likelihood of survival more than others do, and which 
tend to be inherited, ( b ) the selection of favourable variation by the survival of the 
fittest in the struggle for existence. 

It is important to realise precisely what * fitness ’ in the biological sense means, 
for failure to understand this has led various authors to wholly unjustified con¬ 
clusions relating to human affairs. ‘ Fitness ’ means ‘ fitness to reproduce ’. 
Qualities like strength, speed, ferocity, and so on are only favourable if in some 
way or other they help towards reproduction. Such a quality as ferocity may help 
the survival of the tiger ; in a rabbit it is absurd and leads straight to death in the 
jaws of a fox. The ability to co-operate has been the making, in an evolutionary 
sense, of many animals, and especially of man. 

Since Darwin’s time his theory has had to be modified in accordance with our 
greater knowledge of variation and heredity, and especially because of the almost 
universal belief that phenotypic variations induced by the environment do not 
affect the genotype, that is, that ‘ acquired characters ’ are not inherited (p. 446-7). 
The raw materials upon which natural selection works consist of the mutations 
which are known to occur and are known to be heritable. A number of objections 
have been raised to this view but can all be answered. One points out that most 
of the mutations which have been studied in Drosophila and other forms, arc dis¬ 
advantageous and can therefore play no positive part in evolution, for natural 
selection will weed them out. That most of the known mutations are disadvan¬ 
tageous is not surprising. An organism is like a very complex and delicately ad¬ 
justed mechanism ; a mutation causes an alteration in it, and, just as a chance 
interference with the machinery of a watch is unlikely to do it any good, so most 
mutations are damaging to the organism. But this is not so of all. A species of 
water-flea produced a mutant race which died at the temperature best 

fn™ S* 0ngir ; al form kut flourished at higher temperatures which the original 
fomt conld not tolerate Obviously such a mutation could enable the animal to 

Flo vf rrT rtS ° f thC world » ° r t0 survivc thr <>ugh a change of climate. The 
Fjbnda Velvet Bean, a cotton plant, produced a mutation which would flower and 
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only i„ a U L'rted V ;ar t „f ™ U8h Wh ° le C ° tt ° n bdt ° f ,h< = U S ' A - <* 

consideration is that the most easily recognised mutations are those 

wil L Pr ° dUCe la 5 gC f u d ° bvious effects > while those producing very slight changes 
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with so complex a mechanism as a developing organism, the less likelihood is 
there that harm will be done. 

Another objection points out that nearly all mutant genes are recessive to the 
unchanged gene and therefore exert no effect when heterozygous ; and since 
mutation is a rare event it is only very exceptionally that a mutant gene is present 
in the homozygous state. The reply to this points out that there is a mechanism by 
which an advantageous recessive gene can become dominant and a disadvantage¬ 
ous dominant gene recessive. We have spoken hitherto as though dominance and 
reccssiveness were matters wholly of the two allelomorphs concerned, other genes 
not being involved, but we have also seen that the effect of every gene depends to 
some degree on all the other genes making up the genotype (p. 445). It is sug¬ 
gested that if a recessive gene produces, in the heterozygous state, any advantage¬ 
ous effect, however small, natural selection will so operate that individuals whose 
genotypes permit fuller expression of the favourable influence will tend to survive, 
while those whose genotypes tend to lessen the expression of the favourable gene 
will tend to be lost. Thus natural selection, by favouring the survival of gene 
combinations which allow the advantageous but recessive gene to make itself felt, 
evidently tends to make such genes more dominant, while having the reverse 
effect with disadvantageous genes, making them more recessive by favouring the 
survival of gene combinations which tend to lessen their expression. Evidently 
the more dominant a gene is, the more easily natural selection will act upon it. 

Natural selection may be either a conservative or a progressive factor in 
different circumstances. A species which has for long inhabited an environment 
which has not altered will have been brought by selection into a state of maximal 
adaptation to that environment, so that any variation will tend to decrease the 
degree of adaptation and lessen the chance of survival. This may explain 
organisms which, usually inhabiting some rather specialised environment, have 
remained almost unchanged through vast periods of time. Thus Lingula , the 
lamp-shell, a marine mud-burrowing ‘ shell-fish ’, has scarcely altered since the 
Cambrian, five hundred million years ago. An example of selection acting as a 
conservative force was provided by the effect of a severe storm on sparrows. Many 
were beaten down to the ground, and of these some died, and some recovered. 
Among those which died there were more specimens with unusually long or 
unusually short wings than among those which survived ; here natimal selection 
tended to keep the length of wing unchanged and opposed any alteration. On the 
other hand when the environment is changing natural selection becomes a force 
making for progress, tending to favour structural and other novelties which will 
make the organism better fitted to survive in the new circumstances. Thus a bird 
or insect deprived by a mutation of the power of flight will in most circumstances 
be at a disadvantage, but if it happens to be on an island, flightlessness may save its 
life by preventing it from being blown out to sea. Similarly there is evidence from 
an actual case that a change in the predominant colour of the background (bark 
of trees) is causing changes in the colour of a species of moth, for individuals 
sharply contrasting with the new background are more easily seen and eaten by 

birds. 



CHAPTER XXXVIII 
RAW MATERIALS OF ORGANISMS 


Elementary ideas of physiology have been incorporated into earlier chapters ; 
in chapters XXXVIII-XLVI certain subjects of a physiological nature are dealt 
with a little more extensively. The subjects chosen, which are very far indeed from 
covering the whole field of physiology, have been selected either for their funda¬ 
mental biological importance, or as illustrating the resemblance and difference 
between animals and plants, or simply because they are interesting. 

Green plants build all their organic constituents from carbon dioxide, water 
and inorganic salts. Animals on the other hand, require their raw materials to be 
in a state of much greater chemical elaboration before they can make use of them; 
and the only agents manufacturing such materials are plants. It follows that the 
raw materials taken in by green plants are indirectly the raw materials of all other 
organisms too. 

HOW GREEN PLANTS GET THEIR RAW MATERIALS 

The raw materials of green plants are carbon dioxide, oxygen, water and 
mineral salts. 


CARBON DIOXIDE AND OXYGEN 

Use and production of oxygen and carbon dioxide in respiration and 
photosynthesis 

Green plants in the light photosynthesise and this uses up carbon dioxide but 
produces oxygen (p. 484). Like other organisms, they respire, whether they are 
in the light or the dark, and produce carbon dioxide as a by-product of respiration. 
Since photosynthesis is usually more active than respiration (that is, plants syn- 
diesise more glucose than they destroy) they produce more oxygen than carbon 
dioxide. In the light, therefore, they take from the air enough carbon dioxide to 
supplement the insufficient supply which they produce in respiration, and in 
return contribute oxygen to the air. At night they behave like animals, taking 
oxygen from the air and passing carbon dioxide into it. The oxygen which they 

OW " reSpirat0ry ntcds rcmains in th ' atmosphere and maies 

Stomata and air-spaces of plants 

The gaseous exchange between the plant and the atmosphere takes nlarr 

oxygen which easily diffuses into neighbouring cell! through'thf LtSckeS 
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parts of the cell-wall. Part of the oxygen supply of roots comes to them from the 
parts of the plant above ground, and part in solution in the water which they take 
from the soil. 

Sources of carbon dioxide 

When a plant takes carbon dioxide from the atmosphere it does not return it 
but keeps the carbon in its glucose and other organic substances. It is estimated 
that the world’s vegetation every year removes about one thirty-fifth part of all the 
carbon dioxide in the atmosphere ; nevertheless, the amount of this gas in the air 
is not reduced. Animals, of course, eat plants, and much of their food is oxidised 
in respiration, so that the carbon taken in by plants as carbon dioxide, and reduced 
in photosynthesis to sugars, etc., is recombined with oxygen in animal and plant 
respiration and so restored to the atmosphere as carbon dioxide. Similarly, when 
animals and plants die, and they and their products rot away, their carbon- 
containing compounds are oxidised by the bacteria (p. 534) and other organisms 
in the soil, and the restoration is completed. In the ocean, a similar balance 
exists between photosynthesising green plants producing oxygen and the respira¬ 
tion of both animals and plants producing carbon dioxide. 

WA TER 

Water is essential for all organisms, in which it is the principal solvent, and is 
in addition necessary for the important chemical changes called hydrolyses (p. 476). 
In plants it has the further function of swelling out the cells so that the tissues 
maintain their stifFness. It is the only important constituent of animals the greater 
part of which is not derived, directly or indirectly, from plants. 

Plants obtain their water from the soil, animals partly by drinking and partly 
in their solid food. Before dealing with the intake of water by organisms it will be 
necessary to mention diffusion and osmotic pressure. 

Diffusion and osmotic pressure 

Substances in solution diffuse more rapidly from regions in which their con¬ 
centration is high into regions in which it is low, than in the opposite direction. 
If two solutions of sugar (or other substance) of different concentrations are in con¬ 
tact, sugar molecules diffuse from the higher to the lower concentrations of sugar, 
and water molecules from the higher to the lower concentrations of water, until 
equilibrium is attained when the two solutions are of equal concentrations. 

Now suppose the two solutions to be separated by a membrane permeable to 
water molecules but not to those of sugar. A membrane thus permeable to the 
solvent but not to the solute is said to be semi-permeable. No membrane which is 
permeable to a solvent is impermeable to all the substances capable of being dis¬ 
solved in the solvent ; that is, no perfectly semi-permeable membrane exists. 
When one says that a membrane is semi-permeable, one always means that it is 
permeable to whatever solvent one has in mind (usually water), but impermeable 
to the solutes one has in mind. The property of stopping some solutes while 

allowing the passage of others is selective permeability. 

Parchment paper is impermeable to sugar in solution but permeable to water. 
The mouth of a thistle funnel is covered with parchment paper, carefully joined 
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to the glass by a seal which is best made of hot 
paraffin wax and resin, and the thistle, with part 
of the tube, is filled with a sugar solution. The 
funnel is then immersed in water till the surface 
of the water and the sugar solution are at the 
same level. Water molecules will pass from the 
higher concentration of water through the parch¬ 
ment into the lower concentration of water, that 
is into the sugar solution, but the sugar will not 
be able to pass into the external water because 
the parchment stops it. As water passes into 
it, the level of the sugar solution rises, and soon 
a column of the solution is being supported well 
above the level of the water. Clearly, a force is 
being exerted to support this column, and this 
force is osmotic pressure. The osmotic pressure of 
a solution depends upon the number of molecules 
or ions in it which would be unable to pass Fig. 319. An experiment illusira- 

through a semipermeablc membrane separating . l,ng osrnotlc P re *surc ; explanation 
.■ 1 . c . . 1 , ? m text, 

the solution from pure water ; m other words it 

depends on the concentration of solutes unable to pass the membrane. Two solu¬ 
tions of equal osmotic pressure are said to be isotonic. If their osmotic pressures are 
different, the solution with the higher osmotic pressure is said to be hypertonic to 
that with the lower, which is said to be hypotonic. When solutions of different 
osmotic pressure are separated by a semi-permeable membrane, water passes from 
the hypotonic into the hypertonic solution. 



Absorbing power of plant cells 


The cell-sap which fills the vacuoles of plants cells is a solution of salts and 
other substances, while the cell membranes which limit the enclosing protoplasm 
are semi-permeable. If the cell is put into water, the osmotic pressure of the cell- 
sap causes water to enter the vacuole. This tends to swell out the cell, pressing its 
limiting membrane against the cell wall. The cell wall is elastic and stretches 
until its resistance to further stretching balances the power of the cell-sap to draw 
in more water. The absorbing power, or suction pressure, of a cell is its power to 
absorb water, and at any time depends on the osmotic pressure of the cell-sap (P), 
and on the opposing pressure (T) exerted by the elastic resistance of the cell wall’ 

S = P-T. 

If the external liquid is itself a solution, its osmotic pressure (/>) opposes that of the 
cell-sap, reducing the absorbing power of the cell : 


S = P-(T+p). 

If n\ OS T°^ C pr f SSUn ; is high enough, the absorbing power of the external solution 
wiU “ e hl S her than that of the cell-sap from which water will be withdrawn. If 
much water is lost the protoplasm may shrink away from the cell wall : the cell 
; t0 If not speedily returned to water, or at least to a solu- 
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Fig. 320. Left, a turgid plant cell. Right, the same cell plasmolyscd (after dc Vries, from 

Bower). 

important that the absorbing powers of cells depend on both the osmotic pressures 
of their cell-saps and on the wall pressures. Water may pass from a cell whose 
cell-sap had a higher osmotic pressure into one with a lower osmotic pressure if its 
higher osmotic pressure is sufficiently balanced by a high wall pressure. In other 
words, absorbing power is not determined by P alone but by P - T. If 

p 1 -t 1 }p 2 -t 2 , 

water will pass from cell 2 to cell 1, even though P 2 and 7 " 2 may each have higher 
values than P l and T v 

Red blood corpuscles can be used in experiments on osmotic pressure for each 
is a tiny semi-permeable sac containing a watery fluid isotonic with the plasma of 
the blood. If the external osmotic pressure is raised the corpuscles lose water and 
shrink, usually unevenly (when they are said to be crenaled), while if it is lowered 
they take in water, swell and may burst. 

Importance of turgor 

When the cell has taken in as much water as is allowed by the pressure of the 
stretched cell wall, it is said to be fully turgid. The maintenance of turgor in its 
cells is of great importance in maintaining the physical condition of a plant and 
the working of many plant mechanisms, such as the opening and closing of 
stomata (p. 471), depends on turgor changes. The rigidity of plant dssues, 
especially in herbaceous plants and in the non-lignified parts of other plants, 
depends on the turgidity of their cells. When, because of excessive loss of water, 
the cells cease to be turgid, the plant wilts. 

ABSORPTION OF WATER AND ITS PASSAGE THROUGH THE PLANT 

The root hairs of plants, closely pressed against the solid particles of soil, are 
bathed in the thin film of water which covers the particles and occupies the 
smallest crevices between them. It is this water which the root absorbs. But the 
water available to a plant is more than that which happens to he in the volume 
of soil penetrated by its root-hairs, because as capillary water is removed from this 
region it is replaced from the soil around it, and especially from below In all soils, 
however dry, there is water at some depth below the surface, and this rises in o 
the more superficial soil to replace that which the plants have removed. 
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rooC hair 


From Janus : Plant Physiology, Clarendon Press 

Fig. 32x. A root hair bathed in the capillary water on and between the soil particles. 

Although water enters the plant through its root hairs, crosses the cortex of 
the root to the stele, enters the stele, and passes in the xylem vessels to the foliage, 
the mechanism by which this movement is believed to occur is most easily described 
by starting with the leaves and working backwards to the root hairs. 

The walls of the mesophyll cells are wet and from them water evaporates into 
the air spaces of the leaf and thence into the outer atmosphere through the stomata. 
This loss of water reduces the turgidity of the mesophyll cells and their wall pres¬ 
sure falls while the osmotic pressure of their cell-sap rises (because it becomes more 
concentrated). They therefore acquire absorbing power, and take water from 
other cells with which they are in contact but which, being less exposed to loss of 
water by evaporation, have remained more turgid and have a lower absorbing 
power. The least exposed mesophyll cells are those closest to the xylem vessels. 
There is thus a gradient in absorbing power rising from the least exposed cells to 
the most exposed, and water therefore passes from cell to cell .along this gradient 
and is finally lost by evaporation. Evidently, provided the most exposed cells lose 
water by evaporation and that the least exposed arc constantly provided with 
water (from the vessels), the differences in turgidity may be only virtual, and all the 
cells may be fully turgid, for each cell in the series will in unit time gain as much 
from its less exposed neighbours as it loses to those more exposed. 

The contents of the xylem vessels have a lower osmotic pressure than the cell- 
sap of the living cells, and (except when the mesophyll cells are so completely 
urgid that their wall pressure reduces their absorbing power below that of the 
vessels) water pass*, from them into the mesophyll cells. In the mesophyll, the 
wa cr passes along the gradient in absorbing power mentioned above and continues 
to do so while the gradient exists, that is, while water is evaporating from the leaf. 

roo?^ t f q r CStl0n “ l i° f tH n mechanism which the water from the 

roots to the foliage even of the tallest trees. It is believed that the columns of 

Th^id^f VC n elS afe PlUled UP by tHe absorbin g Power of the mesophyll cells 
The idea of pulling water upward, like a rope, is strange, but it is hownthai 

under certain cond.qons (which are fulfilled in the vessds) water cohZThave 

great tensile strength, being capable of resisting tensions of about one thousand 

atmospheres. It is therefore possible for water to be milled nn iXc T 

vessel above if the foree exerted is suffidJtt to iffeir ^ ZfZ 

absorbing power of mesophyll cells is capable of this. 8 * d Ac 
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If water passes from the xylem vessels into the parenchymatous cells of the leaf, 
why does it pass from the parenchymatous cells of the root into the vessels? This 
can only happen if the absorbing power of the vessels is greater than that of the 
living cells of the stele. The absorbing power of a cell is increased by the osmotic 
pressure of its cell-sap but decreased by its wall pressure (p. 467). The wall of a 
xylem vessel, made relatively rigid by its thickening and lignification, exerts no 
wall pressure (just as a steel water container does not press on its contents, while 
a rubber bladder does). Therefore, in spite of the low osmotic pressure of its 
contents, the absorbing power of a vessel may be greater than that of a cell in 
which high osmotic pressure is balanced by high wall pressure. This happens in 
the stele of the root. Here the thickened radial walls of the endodermis act like a 
wire-netting sheath, preventing the stele from swelling, and supporting the walls 
of its cells in which, therefore, wall pressure is so high as to reduce the absorbing 
power below that of the vessels. Thus water passes from the living cells to the 
vessels. 

Water moves from the piliferous layer across the cortex to the endodermis 
because the absorbing power of the cells through which it passes increases from cell 
to cell in that direction (probably determined more by rising osmotic pressures 
than by falling wall pressures) and it enters the root hairs from the soil because 
their absorbing power is greater than that of the water in the soil. 

It is far from certain that the above account of the mechanism by which water 
moves through a plant is in all respects correct, and a number of difficulties have 
not been mentioned. 


TRANSPIRATION: THE ACTION OF STOMATA 

The stream of water entering the plant at the root hairs and leaving it again by 
evaporation from the leaves is called the transpiration stream. It is not identical in 
quantity either with the water entering the plant, some of which may be retained 
to restore turgidity, or be destroyed in photosynthesis or hydrolyses, or with that 
leaving it, a little of which is newly formed in the plant in the synthetic chemical 

processes known as ‘ condensation ’ (p. 476). _ . 

The rate of transpiration is affected by all factors influencing evaporation. It 
is thus accelerated by high temperatures, high wind, dryness of the atmosphere 
and is retarded by cold, still air, and high atmospheric htmudity. The entry of 
water from the soil is similarly affected by environmental factors. Water enters 
a plant slowly from a cold soil or from one in which there is a shortage ^oxygen 
The same is of course true of a dry soil. In addition, transpiration is affected by 
internal factors, many of which are structural in nature, as in the adaptations seen 

in prevent wilting! ant, aid in recovery ***-£££ 

sr & & 

par ? h " 
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starch to sugar. During the night, carbon dioxide produced in respiration, in¬ 
creases the acidity in the cells by making H,C0 3 , favouring phosphoryllase, so 
that sugar tends to disappear from the guard cells and starch accumulates. Since 
starch is much less osmotically active than sugar, the guard cells lose water and 
the pore closes (p. 199). During the day, the carbon dioxide of respiration is used 
in photosynthesis, and alkalinity increases, favouring the action of diastase. Thus 
sugar accumulates, formed partly in photosynthesis and partly by the break-down 
of the starch condensed during the night. The increased quantity of sugar raises 
the osmotic pressure and the stomata open. 

This mechanism accounts for the usual habit of stomata of opening in the day¬ 
time and closing at night, but is certainly incomplete. In some plants, like the 
potato, the stomata are always open except for a few hours after sun-down, while 
in cereals they are always closed except for a few hours during the day, and in 
other plants again they are open nearly all day and closed most of the night. 
Their behaviour has been said to be affected also by an internal rhythm, for if the 
normal rhythm of illumination be abolished by continuous darkness or continu¬ 
ous illumination, the daily cycle of opening and closing may nevertheless continue. 

Function of transpiration . That transpiration shall occur is an inevitable con¬ 
sequence of the plant’s mode of gaseous exchange, for the existence of air spaces 
opening to the exterior by stomata makes loss of water by evaporation inevitable, 
but it is doubtful if it is of any value to the plant, and certainly innumerable plants 
are killed by excessive evaporation in dry weather. Nevertheless, evaporation of 
water from the leaves prevents dangerous rises of temperature, and the trans¬ 
piration stream probably carries to the foliage inorganic salts which have been 
absorbed by the root. 


ELEMENTS REQUIRED BT PLANTS AND ANIMALS: TRACE ELE¬ 
MENTS: WATER CULTURES 

Animals as well as plants are mentioned here to save space. 

The elements carbon, hydrogen, oxygen and nitrogen, are’essential compon¬ 
ents of the most important organic substances found in all organisms, and to these 
must be added sulphur and phosphorous which are essential constituents of some 
of these substances. Potassium, sodium, calcium, magnesium, chlorine and iron 
are found m practically all organisms, but all are not necessary for every organism 
and some organisms require elements absent from this list 

The following brief sketch of the parts played by various elements is by no 
^mentoned^ 1 ^ ° f ^ imporlant or more interesting functions 

nI ‘ t0 and iS present in sma11 quantities in 

chln^ LTr ’• TV* n0t SeCm t0 bc essential - In animals sodium 
and hW fl h J rm p? aI substance maintaining the osmotic pressure of the blood 
d tissue fluids. Plants contain much less sodium than animals do with the 

js? : *r, ve 6 : , r n * eB J have to be “pp^-t* *** « 

Both primitive tribes whose diet is predominantly vegetarian 

animak, may suffer from ‘ salt hunger ’, so that children will suck salt as oth^ 

knowm^t^s^^dcs*?^ ^ t0 nat - al ■* deposits 
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Calcium, too, is necessary for both animals and most plants. In vertebrates its 
carbonates and phosphates are the principal constituents of the hard substance of 
bone, and, with potassium, it must be present in blood and lymph. In both 
animals and plants it probably plays a part in maintaining the selective im¬ 
permeability of the cell membrane. 

Magnesium is present in small quantities in animals and plants, and appears to 
be essential in connection with the utilisation of sugar. Rats deprived of mag¬ 
nesium get convulsions and die. In green plants it is very important indeed for it 
is a constituent of the molecule of chlorophyll. 

Iron forms a part of the molecule of haemoglobin and in plants it acts as a 
catalyst in the formation of chlorophyll though it is not present in the chlorophyll 
molecule itself. In addition, iron is present in the respiratory pigments known as 
cytochromes (p. 489). 

Phosphorous is necessary for both animals and plants, being a constituent of 
important proteins, called nucleo-proteins, which are found in the nuclei of cells. 
It is essential in the utilisation of sugar. In addition, in vertebrates, phosphorous 
as calcium phosphate is an essential constituent of bone. 

Sulphur occurs in certain proteins and is necessary to both animals and 
plants. 

Chlorine appears to be present in all organisms but seems not to be essential, at 
least in plants. In animals it contributes (as sodium chloride) a large part of the 
osmotic pressure of blood and lymph, and it is necessary for the hydrochloric acid 
of the stomach. 


Iodine is an essential constituent of the molecule of thyroxin, the secretion of the 
thyroid gland, so that most vertebrates either cannot live, cannot live normally, 
or cannot complete their normal development (for example, metamorphosis of 
tadpoles) without it. 

Trace elements. There are certain elements which plants need only in extremely 


small quantities ; they are called ‘ trace elements ’. Boron, copper, manganese, 
and zinc are required by many and perhaps by all plants, while cobalt, molyb¬ 
denum, selenium, vanadium and tungsten may be beneficial or even essential to 
some. Boron is necessary for the healthy growth of bean plants ; in its absence 
the plants suffer from a deficiency disease and this is prevented by one part of 
boron in twelve and a half million parts of the culture fluid in which the beans 
are grown (water culture, see below) ; a concentration much greater than this is 
toxic. Tomato plants require molybdenum, one part in one hundred million 
being sufficient. Duckweed (. Lemna ), needs one part of manganese in three 

thousand million parts of water. ...... 

Little is known about the functions of trace elements in the plant , the very 

small amounts needed suggest that they may perhaps be incorporated in enzymes 
for these, when once formed, need not continually be replaced because they are 
not destroyed by their function but can perform it again and again. Whether 
there are any elements which animals must have but of which a trace is sufficient 
is uncertain. It may well be so, but it is much more difficult to discover the fact 
in animals than in plants because plants, but not animals, can be reared on syn¬ 
thetic ‘ diets ’ whose elementary composition is precisely known. It is 
to compare the plant’s need of these ‘ trace elements with the anund s need o 
vitamins much more complex substances the absence of which from the 
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diet is attended by death or other serious consequences but which are needed only 
in very small quantities. 

Water cultures. It is possible to make artificial solutions in which plants will 
grow as well as in the soil; they are then said to be in water culture. This method 
is used to study the requirements of plants in elements and salts. A suitable 
culture medium is : 


potassium hydrogen phosphate 

- 

- 

- 0.5 gms. 

,, nitrate - 

- 

• 

- 1.0 „ 

magnesium sulphate - 

- 

- 

- 1.0 „ 

calcium nitrate - 

- 

_ 

- 3 *° » 

ferric chloride and trace elements - 

_ 

- 

- trace 

distilled water - 

- 

• 

- 4.0 litres 


The requirements of a good culture solution arc that it shall (a) contain the neces¬ 
sary elements in correct proportions, ( b) contain them in forms which the plant can 
use. Thus, nitrogen must be present as nitrate or nitrite (p. 534), but not merely 
as elementary nitrogen or in more complicated chemical combinations (for 
example, as amino acids or proteins), sulphur must be as sulphate or thiosulphite 
and similarly phosphorous must be as phosphate. If plants are grown in solution 
from which any of the essential elements are missing, or present in unavailable 
form (for example, nitrogen as protein or sulphur as sulphite) growth will be im¬ 
perfect or will be prevented. 


Water cultures are beginning to have a certain commercial value, selected 
crops being grown by this method 

instead of in the soil. • ■ - — 


Absorption of salts by plants and 
the entry of solutes into cells 

The plant absorbs its mineral raw 
materials, from their solution in the 
soil water, into the root-hairs, the 
semi-permeable membranes of which 
(like those of other cells) can obvious¬ 
ly not be completely impermeable to 
them. It used to be thought that the 
salts entered the root hairs in solution 
in the water of transpiration, were 
carried by it to the leaves, and there 
concentrated by evaporation of the 
water. The facts refute this simple 
hypothesis. (1) There is no relation 
between the amount of water taken 
up by a plant and the quantity of salts 
absorbed ; the weight of salts taken 
in depends more on the needs of the 
plant than on the amount of water 
passing through it. (2) Plants exhibit 
selectivity in salt absorption, for they 
hardly ever take up salts in the 
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Fig. 322. Water cultures of barley. The plant 
on the left was provided with all the necessary salts 

SSTfc *? ut ^e other three were grown in media 
which lacked one of the three elements named in the 
Jabels. In each of these three, normal growth was 
prevented (from Bower). 


M.B, 



474 


BIOLOGY 


proportion in which they are found in the soil ; the mineral contents of different 
kinds of plant growing side by side in the same soil are different, both from one 
another and from the soil. 

There are probably at least two distinct mechanisms at work in the entry of 
salts into the root hairs, and indeed in any case of the passage of solutes into cells. 

The first is diffusion. A solute will diffuse into a cell provided {a) that the cell 
membrane is not wholly impermeable to it, ( b) that its concentration is greater 
outside the cell than inside. The permeability of the cell membrane depends on 
the particular cell and varies from case to case. The second provision brings us 
to a difficulty. It appears to be true that solutes enter root hairs even when their 
concentration in the cell-sap is higher than in the surrounding water (that is, they 
appear to enter against a diffusion gradient). The explanation is perhaps in part 
that many of the substances which diffuse into root hairs (or other cells) are 
immediately rendered indiffusible, by being converted into or attached to large 
indiffusible molecules, either chemically or in other ways. They are put' out of 
circulation ’, like flies on fly-paper. Similar cases are found in certain kinds of 
storage cell. Thus in potato and liver cells diffusible glucose is transformed into 
indiffusible starch and glycogen, and the concentration of glucose within the cells 
is probably never higher than outside them. Similarly, the cells of oily seeds turn 
glucose into fats, which are indiffusible, while those of other seeds build diffusible 
amino-acids into indiffusible proteins. But there are cases, as in certain kinds of 
storage cell, in which substances are accumulated from the surrounding water or 
blood, and stored in great quantities in a diffusible form. Thus the cells of the 
onion bulb store great quantities of glucose as such, and not as starch, and an 
alga called Nitella has in its cell-sap chlorine, sodium and potassium in concentra¬ 
tions respectively one hundred times, sixty-six times, and more than one thousand 
times, their concentrations in the surrounding water, although all three ions 
remain freely diffusible. These substances must have been brought into the cell 
against a steep diffusion gradient, and, however this was done, it must have 
involved the doing of work and the expenditure of energy derived from respiration. 
It is likely that similar energy-consuming processes constitute the second of the 
two processes mentioned in the preceding paragraph as concerned in the entry of 
salts into root-hairs. 

Translocation of inorganic solutes 

The salts taken from the soil have to be distributed to all parts of the plant. 
Since, in general, solutes in plants tend to move from places of abundance to 
places of scarcity, their translocation (a term used by botanists to mean the move¬ 
ment of a substance from one place to another) is probably in the main by diffusion 
from cell to cell in the living tissues. Such a mechanism fits the needs of the plant, 
for solutes are scarce where they are being transformed into other substances and 
it is here that they are needed. Sometimes, however, they move at speeds much 
too great to be accounted for by diffusion, and in such cases they are probably 
carried passively through the xylem vessels in the transpiration stream. Finally, 
living cells may sometimes expend energy in moving them against diffusion 

gradients. 
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ORGANIC MATERIALS OF ORGANISMS 

An immense variety of substances is found in every organism, and they arc of 
all grades of chemical complexity, from the isolated molecule of hydrogen to the 
immense molecules of the most complex proteins. Varying quantities of relatively 
simple inorganic materials are also present. But it is the much more complicated 
organic materials which give to living matter its peculiar quality. The organic 
materials found in organisms are innumerable and many of them are peculiar to 
particular kinds of organism. Thus every organism contains many different kinds 
of protein, and the proteins of every kind of organism are peculiar to it. But in 
spite of this the organic constituents of organisms fall into a comparatively small 
number of classes. The most important of these are the three of which we hear so 
much in discussions of nutrition : carbohydrates, fats and proteins. We shall deal 
briefly with each of these, and in addition with those essential tools of biochemical 
engineering—the enzymes. 


CA RB 0 HYDRA TES 

1 he carbohydrates include the sugars, of which many kinds exist, and the starches, 

cellulose and glycogen, which are formed by the combination together of many 

sugar molecules. All the carbohydrates consist of carbon, hydrogen and oxygen, 

the last two (except in some derivatives) being present in the same ratio as in 

water They can be conveniently classified into three main groups, in order of 

ascending chemical complexity, the monosaccharides, the disaccharidcs and the 
polysaccharides. 


Monosaccharides 

The physiologically important monosaccharides are either hexoses having the 
ormula C 8 H 12 O e , or pentoses C 6 H 10 O 5 ; the pentoses are less common in animals. 
I he hexoses, on the other hand, are of great'importance in both animals and 
p ants. The principal of them is glucose , also known as dextrose and as grate sugar. 
Glucose is usually the first carbohydrate formed in photosynthesis, while in 
respiration plants nearly always and animals usually ‘ burn ’ glucose. Starch 
gycogen and cellulose are built of glucose molecules. Other hexose sugars are 
laevulose or fructose, which is found in most sweet fruit juices, and galactose. 

t will be noticed that all hexoses have the same formula (C.H^OA and all 

anothe? L^t'hT (G5Hl0 ° 6) - T !? e different h “oses and pentoses differ from one 
another in the arrangement of atoms within the molecule, and in chemical 

properties, but not in the kind, number, or proportions of atoms present. 

Disaccharides 

An important chemical property of the monosaccharides is, by the combination 
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°f two molecules, to form a new compound called a disaccharide with the 
elimination of water, thus : ’ 

c 6 h I2 o 6 + C 6 H, 2 0 6 ->C 12 H 22 0 i 1 +H z O 

This process is an example of condensation. Since the disaccharides are formed 
by the condensation of two hexose molecules, they all have the same formula 
(C, 2 H 2 20„), and the differences between them are (as with the monosaccharides) 
due to the arrangements of atoms in the molecules. The kind of disaccharide 
is determined by the kinds of hexose molecules from which it is formed. 
Maltose is formed by the condensation together of two molecules of glucose. The 
condensation of glucose with laevulose gives sucrose, or cane sugar, which is found 
in all sweet plant juices. Glucose with galactose forms lactose, the sugar found in 
milk. 

Just as disaccharides are formed by the condensation of monosaccharide 
molecules with the loss of a molecule of water, so monosaccharides can be formed 
by splitting disaccharides with the addition of a water molecule, thus ; 

W, + H 2 0->C 6 H i 2 0 6 + C 6 Hi 2 0 6 

The process is called hydrolysis and is the reverse of condensation. Thus the 
hydrolysis of maltose gives two molecules of glucose, from sucrose one gets glucose 
and laevulose, and from lactose, glucose and galactose. 

Trisaccharides and tetrasaccharides, formed by the condensation respectively 
of three and four monosaccharide molecules, exist but need not detain us. 

Polysaccharides 

These are carbohydrates formed by the condensation of large numbers of 
monosaccharide molecules : 

«(C 6 H 12 O 6 )^(C 6 H 10 O 6 ) n+ nH 2 O 

The polysaccharides of interest to us are starch, glycogen and cellulose. All three, 
on complete hydrolysis, yield glucose. 

It is important that, while monosaccharides and disaccharides are easily 
soluble in water, the polysaccharides are much less so, especially starch and 
cellulose. Starch and glycogen are the forms in which glucose is usually stored by 
plants and animals respectively, while cellulose is of course the substance of which 
the cell-walls of plants are made. 

FA TS AND FA T-L 1 KE SUBSTANCES 

Fats are probably present in every cell of all organisms, but of course in much 
greater quantity in tissue devoted to fat storage (adipose tissue) than in other 
tissues. Fats and fat-like substances are probably essential components of all cell- 
membranes, but they have many other functions some of which will be mentioned 

lat< Fats are esters of glycerol with fatty acids. Chemically, esters are formed by 
the combination of an organic acid with an alcohol which, by virtue of its hydroxyl 
(OH) group or groups, can act as a base ; at the same time water is eliminated. 
A very simple example is the combination of acetic acid with ethyl alcohol to form 

ethyl acetate : 
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CH 3 COOH + C 2 H s OH->CH 3 COOC 2 H 5 + h 2 o 
acetic acid ethyl alcohol ethyl acetate 


In plants and animals the alcohol is generally glycerol (CH 2 OH-CHOH-CH 2 OH), 
and the organic acids are usually one or more of the fatty acids : palmitic acid 
(C 15 H 31 COOH), stearic acid (C^H^COOH) and oleic acid (C^H^COOH). 
Generally, in the formation of a fat, each of the three hydroxyl groups of the 
glycerol molecule combines with a carboxyl (COOH) group of a fatty acid, so 
that one molecule of glycerol is combined with three molecules of fatty acid. The 
fat formed when glycerol combines with three molecules of palmitic acid, tri- 
palmitin, is : 


GH,.O.GO.C,tH 


IS 1 *31 


CH.O.CO.C 1R H 


16**31 


CH 2 .O.CO.C ls H 3I 

Generally, but not always, the three organic acids attached to the glycerol mole 
cule are the same. 


Natural fats are usually mixtures of tristearin, tripalmitin and triolein. Animal 
fats tend to be more solid and those of plants more liquid ; the liquid fats of plants 
are called oils. 

Upon hydrolysis, fats are reconverted into the fatty acid and glycerol ; the 
hydrolysis of tripalmitin may be expressed thus : 

C 3 H 5 (C w H 3 j 0 2 ) 3 + 3 H 2 O^C 3 H s (OH) j + 30^0,. 

tripalmitin glycerol palmitic acid 

The principal function of fats in both plants and animals is as a reserve store 
of energy-providing food. Fats are more efficient than carbohydrates for this 
purpose. In the first place, their insolubility in water makes them easily stored ; 
a fat, once formed, will generally take no part in the reactions occurring in the 
watery solutions of the plant and animal body fluids and is indiffusible. Secondly, 
fats contain less oxygen in their molecules than carbohydrates and therefore on 
oxidation liberate more energy per unit weight. Thirdly, they do not contain 
hygroscopic water which is imbibed in starch grains and glycogen droplets and, 
while itself useless, takes up space. Fats are usually turned into carbohydrates 
before being used for fuel. Another function of fats depends on their insulating 
properties ; they are poor conductors of heat and in animals layers of superficial 
fat help to reduce loss of heat. 

A number of substances, some of great importance, are not true fats but are 
related to them. One of these is lecithin, a substance which is believed to be a very 
important constituent of all cell-membranes, which owe to it some important 
properties. Lecithin is a compound of glycerol with such fatty acids as stearic and 
oleic, like a fat, but also with phosphoric acid and a substance called choline. 


PROTEINS 


are the most complex substances, with the largest molecules, in exist- 

nrn^in, h r r i m0 i eCU 1 ar ? e ! ghtS are iminense » ranging from thousands in the simplest 
proteins to hundreds of thousands and possibly millions in the more complex 
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The following table gives an indication of the elementary composition of 
proteins : 

Carbon.50 -55 per cent | 

Hydrogen.6.5- 7.3 „ „ Elements present in 

Nitrogen.15 -17.6 all proteins 

Oxygen.> 9*24 „ „ • 

Sulphur.0.3- 2.4 „ „ present in some proteins 

Phosphorus .... Less than 1 „ „ present in only a few proteins. 

Some proteins contain other elements ; for example, the haemoglobin molecule 
contains iron. 

Proteins are built up by the condensation of amino-adds. An amino-acid is 
formed when a hydrogen atom is removed from the main radicle of a fatty acid 
and replaced by the amino-group -NH 2 . Thus, from acetic acid (CH 3 COOH) 
comes the amino-acid glydne (NH,-CH 2 -COOH), and, from propionic acid 
(CH 3 -CH 2 -COOH), amino-propionic add or alanine (CH 3 -CHNH 2 -COOH). Now, 
the amino group is evidendy a fragment of the ammonia molecule (NH 8 ) and it 
has basic properties resembling those of ammonia, enabling it to combine with 
acids. The carboxyl group (COOH), on the other hand, is acidic, and can com¬ 
bine with bases. It follows that every amino-acid is simultaneously an acid and a 
base ; such a substance is said to be amphoteric. In amino-acids, the important 
consequence is that they can combine with one another, the amino group of one 
with the carboxyl group of another, eliminating water. The condensation may be 
between similar or different amino-acid molecules. Thus, glycine joins with 
alanine to form alanyl glycine : 


CH 3 CHNH 2 COOH + HNHCHjjCOOH 
alanine glycine 

-► CH 3 CHNH 2 COHNCH 2 COOH + h 2 o 

alanine glycine 

Such a combination of two amino-acid molecules is called a di-peptide. It still has 
an - NH 2 group and a - COOH group, and can therefore join with a third 
amino-acid, forming a tri-peptide, and so on. A poly-peptide is a similar con¬ 
densation of a large number of amino-acids. No matter how many amino-acids 
may join together in this way, the resulting compound has at least one - COOH 
group and at least one - NH 2 group, and therefore remains amphoteric. 1 tie 
group -CO-NH-, by which amino-acids are joined, is called the peptide link. 

Proteins are formed of large numbers of molecules of amino-acids, mostly 
joined by peptide links. Like the amino-acids themselves, they have free amino- 
and carboxyl-groups and are therefore amphoteric. There are twenty or more 
common amino-acids, all or most of which are present in the majority of proteins. 
The properties of different proteins depend on the amino-acids they contain and 
on their arrangement in the giant protein molecule. The number of Fusible 
permutations and combinations of twenty or more amino-acids is very large in¬ 
deed accounting for the almost infinite number of proteins. Every species of 
animalor planttos its own proteins, and in each of them the proteins of many 

tissues are distinct and not found anywhere else. 

Proteins, like the fats and higher carbohydrates can be hydrolysed into then- 

constituents, which in them are of course ammo-acids. In this process their mo 
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cules arc broken at the peptide links, each time absorbing a molecule of water. 
The hydrolysis yields at first very large groups of amino-acids with properties very 
like those of the proteins themselves, and then these are broken into successively 
smaller fragments, known as proteoses, peptones, polypeptides, and finally into the 
individual amino-acids. 

Proteins form the most important constituent of the living protoplasm of an 
organism and also of such other constituents of its permanent structure as collagen 
fibres, the blood plasma, etc. ; in addition they are used as sources of energy, the 
amino-acids being oxidised after removal of the NH 2 group (p. 498). 


INTERCONVERTIBILITY OF CARBOHYDRATES , FATS AND PROTEINS 

The three principal groups of organic constituents of organisms are in a high 
degree interconvertible. Thus fats can be hydrolysed into fatty acids and glycerol, 
each of which can then be converted into sugars, and similarly the sugars can be 
transformed into fats. Amino-acids can be deprived of their amino groups, and, 
after undergoing other changes, may become carbohydrates, while at least some 
carbohydrates can undergo the reverse transformation, being changed first into fatty 
acids to which an amino group is added. Amino-acids thus formed may, of course, 
be built up into proteins. 


enzymes 

A number of examples of enzymes and their action have already been given in 
this book (e. g. pp. 470-1). Enzymes are substances which, like the catalysts 
of the inorganic world, accelerate chemical reactions which would otherwise 
go more slowly, in many cases so slowly as almost not to occur at all. 
An enzyme consists of two parts. One of these is probably always a protein 
while the other is of simpler configuration. The latter is regarded as the 
active group because, although neither it nor the protein have any appreciable 
catalytic action alone, it can in some cases be separated from the protein with 
which it is normally associated and attached to another, and the new combination 
may be catalytically active. The active group may be very closely attached to the 
protein, or so loosely attached that it can diffuse away. In the last case the com¬ 
pound bearing the active group is called a co-enzyme. 

After reaction the enzyme remains unchanged in quality and quantity, having 
made no contribution either of material or energy. Of course this does not mean 
that it has taken no part in the reaction ; it must have taken some part or the 
reaction would not have been affected, by its presence. Its sole function is to 
enable the reaction to go faster than it otherwise would, like the lubricating oil in 
machinery. An enzyme is believed to act by bringing the reacting substance or 
substances (the substrates) into close physical relationship with itself. This pro¬ 
bably allows chemical interaction between the substrates and the active group of 
the enzyme ; the structure of the enzyme is supposed to fit that of the substrate 
somewhat as a key fits a lock. A principal characteristic of keys is their specificity : 
each fits only one or a few locks, and some keys are more specific than others. The 
same is true of enzymes Some of them will act on one type of substance only • 
for example, a catalase breaks down hydrogen peroxide. Others will act only on 
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particular chemical groups but may attack these groupings in a variety of substances 
containing them, as a key turns its lock in whatever door it may be. Thus dipeptidases 
attack the peptide links of dipeptides (compounds consisting of two amino-acids 
joined by the CO-NH or peptide link, p. 478), breaking them down into pairs of 
amino-acids, while an aminase may split the amino-groups off many amino-acids. 
Nevertheless, an enzyme may not be able to act on its special grouping in all the 
substances containing it, just as a key cannot turn a lock with a safety catch. A 
single substance may be liable to attack by several enzymes, each acting on it in a 
different way, just as one may open any of several doors to a house by using 
several keys. Three different enzymes may thus attack the same dipeptide in 
three different ways : by splitting it into two amino-acids, by cutting off the free 
carboxyl group, and by cutting off the free amino-group, a different chemical 
change occurring in each case. 

Enzymes are generally given names derived either from the substance or from 
the chemical grouping attacked. Thus amylases, maltase and proteinases hydro¬ 
lyse respectively starch (‘ amylum ’), maltose and proteins, while an aminase acts 
on amino groups and carboxylase removes CO z from carboxyl groups. 

Enzymes are best known as acting in break-down reactions like hydrolyses ; 
all the hydrolyses we have mentioned, of carbohydrates, fats and proteins, are 
catalysed by enzymes. But the same enzymes also act in the corresponding 
building-up processes ; they accelerate the change in the synthetic or anabolic as 
well as in the analytic or katabolic direction. Thus, if an enzyme breaks 
maltose down to glucose, in other circumstances the same enzyme will build 
maltose out of glucose ; the action is reversible. 

In all reversible reactions one must think of the process as going in both 
directions at the same time but, so long as a recognisable change is in process, 
going in one direction more rapidly than in the other. In the condensation of 
glucose to maltose a certain number of the glucose molecules are combining to 
form maltose, but a certain number of maltose molecules are splitting to form 
glucose, and the reaction should properly be represented thus : 

C 6 H, 2 0 6 + C 6 H 12 0 6 ^ C 12 H 22 O n + h 2 o 


The aggregate effect depends upon which of the two opposite processes is the 
faster. This in turn depends on a number of factors but especially on the relative 
quantities of the two end products (glucose and maltose) present. If there is much 
glucose and little maltose, the number of glucose molecules changing into maltose 
will be greater than the number of maltose molecules making the reverse change, 
and the reaction will go faster in the direction glucose^maltose ; but as this 
continues the amount of maltose present increases, and of glucose decreases, and 
therefore the number of maltose molecules splitting back to glucose increases while 
the number of new maltose molecules being formed lessens. Sooner or later as 
many maltose molecules come to be broken down in unit time as are being built up, 
and after this there will be no further aggregate change so long as the circumstances 
remain the same, the relative amounts of maltose and glucose P resent J^Tf 
constant. The two opposed processes are then in equilibrium. It follows that 
every reversible reaction must arrive at an equilibrium when the rates of change in 
opposite directions are equal, and that all the molecules on one side can never be 

transformed into those on the other side. 
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The attainment of equilibrium by reversible reactions raises a question. If the 
condensation of glucose to maltose ends in equilibrium with some of both sub¬ 
stances present, how can all the glucose be transformed into maltose or all the 
maltose into glucose? The difficulty, which arises in every reversible reaction, can 
only be resolved by the removal of all of one of the end products. In the reversible 
change glucose^tarch, for example, all the starch in the cell can be transformed 
into glucose provided that the glucose is removed from the cell. The whole of the 
glucose cannot be changed into starch because the starch cannot be removed but 
nearly all of it may be so changed if circumstances are such as to make the change 
glucose->starch rapid and the reverse change very slow. In many processes in 
organisms several individual reactions are linked in a chain, A being transformed 
into B, B into C, C into D, and so on. If all these processes are reversible, the end 
result is an equilibrium between A, B, C, etc., but if the last change in the series is 
irreversible, or if the last substance formed is constantly removed, all the other 
substances will sooner or later be transformed into it. 

Enzymes which catalyse reversible reactions do not affect the equilibrium 
finally reached, which is therefore the same as would be attained very much more 
slowly if the enzyme were absent. 


I 



CHAPTER XL 


TRANSFORMATIONS OF ENERGY IN ORGANISMS : 

PHOTOSYNTHESIS 

ORGANISMS OBEY THERMODYNAMICS 

In physics, the first Law of Thermodynamics, which is also known as the Law 
of the Conservation of Energy, expresses the fact that any form of energy can be 
transformed into any other form and that in the process the total quantity of 
energy in the system remains the same. 

In biology the same law holds. If we measure the amount of energy going 
into an organism (as its food if it is an animal, as sun-light if it is a green plant), 
and its total output of energy in work done externally (for example, in moving), in 
new protoplasm formed, in heat produced, and so on, we find that the total intake 
and total output are equal ; all the energy on either side of the equation is 
accounted for on the other side. The organism ' obeys ’ physical principles like a 
machine. 

We have already seen that green plants obtain their energy, in the first place, 
from the sun, that they utilise it to build up glucose from carbon dioxide and 
water, that the energy derived from the sun is thus transformed into the potential 
chemical energy of glucose, and that it may thereafter be rendered kinetic again 
in respiration. On the other hand, animals and plants lacking chlorophyll (the 
few chemosynthetic bacteria alone excepted, p. 533), are unable to make any 
direct use of sunlight or in any way to build organic substances from inorganic 
raw-materials, but must receive the energy already built up into the molecules of 
glucose or other suitable material. It is therefore evident that the whole of the 
energy at the disposal of organisms becomes available to them directly or in¬ 
directly through photosynthesis. 

CHLOROPHYLL AND LIGHT 

When sunlight falls on a green leaf about sixty-six per cent of it passes through, 
is reflected, or is absorbed by colourless parts of the leaf; about four per cent is 
absorbed by the chlorophyll. It is this four per cent which supplies the energy of 
photosynthesis. Not all the component rays of white light are equally absorbed ; 
the greatest absorption is in the red and blue ends of the spectrum but there are 
also absorption bands in other parts. The light least absorbed is the green. 
Hence, partly, the colour of foliage ; but two pigments, orange-red carotin and 

yellow xanlhobhyll are also present. , , , , 

Chlorophyll can be brought into solution by boiling leaves in ethyl alcohol, 
but is then no longer identical with chlorophyll as it is present in the leaf 
where it is chemically united with a protein from which it is detached m the 
extraction. A solution of chlorophyll is green with a red fluorescence. The 
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colour of a leaf is due to the presence of chloro¬ 
phyll and of two other pigments, orange-red 
carotin and yellow xanihophyll. 

It is easy to show, by two simple experiments, 

that both light and chlorophyll are necessary for 

photosynthesis. It must first be explained that 

in many kinds of leaves the photosynthetic process 

leads to the formation of starch, whose presence 

shows that photosynthesis has been occurring. 

To prove the necessity for light, take a plant 

which has been kept in the dark for two days. 

The leaves of such a plant contain little or no 

starch, because the starch which was present 

when the plant was put in the dark has been 

mobilised and transferred to other parts of the 

plant. One of the leaves is then taken and 

partially protected from the action of light by 

being enclosed in two pieces of card-board in one 

of which a simple design has been cut. The leaf 

is put with its stem in water and is exposed 

to light for some hours. It is then decolorised by boiling, first in water and then 

in 95 per cent alcohol, and is finally placed in a solution of iodine. It will be 

found that exactly those parts of the leaf which, because of the design cut in the 

cardboard, were exposed to light, will be coloured a deep blue-black, indicating 

the presence of starch, while the rest of the leaf does not show this coloration. 

Photosynthesis has occurred in those parts of the leaf which were exposed to the 
light, and in them only. 

That chlorophyll is necessary for photosynthesis can be shown by the study of 
variegated leaves, from whose colourless parts chlorophyll is absent. The test for 
starch shows its presence in those areas which contained chlorophyll and its 
absence from the areas where chlorophyll was lacking. A still closer association 
between chlorophyll and starch can be demonstrated, again by the use of the starch 
test, which shows that the starch is formed actually in the chloroplasts themselves. 



Fig. 323. The de-starched leaf 
was protected from light except 
where ‘ starch * was cut in its opaque 
covering ; iodine shows that only 
here has starch been formed (from 
Bower). 


NECESSITY FOR CARBON DIOXIDE 
The raw materials of the photosynthetic process are carbon dioxide and water. 

a Dlan e t C Ihl 1 t ty b f0r i! :arb0n be sh ° Wn by takin S a Starched leaf (from 

a plant that has been in the dark for a couple of days) and enclosing one of the 

eaves m a tight-fitting glass jar which contains a tube of caustic soda, and another 

from thl 1 ? J - ar t K Ut W,th Ar t CaUStlC S ° da ' Caustic Soda rem °ves carbon dioxide 
the leaf denriJ^ T' ^ hoUrS “ sun % ht iodine test will show that 

“o,r=r d,0X,de S,i “ COntainS ” Starch - whik b- 


CHEMISTRY OF PHOTOSYNTHESIS 

The first recognisable product of photosynthesis is glucose, 
can be represented by the formula : 


The whole process 



484 


BIOLOGY 


6 C 0 2 + 6 H 2 0 -*C 8 H 12 0 8 + 60 2 

It will be seen that this involves the production of free oxygen ; that oxygen is 
produced by plants can be shown by placing some green leaves of a water-plant in 
a glass container full of water and exposing them to sunlight. Bubbles will 
appear, and these will accumulate at the top of the vessel. The test with a glowing 
splint will show the gas to be mainly oxygen. If the preparation be placed in the 
dark the evolution of bubbles will slow down and cease as photosynthesis stops. 
Finally, if the water be deprived of its dissolved carbon dioxide, for example by 
boiling, photosynthesis is prevented and no oxygen will be formed. 

It is certain that the formula given above represents only the beginning and 
end of the photosynthetic process, and that there are intermediate steps, but the 
exact nature of these is uncertain. A probable hypothesis supposes that the first 
step is as follows (the symbol Ch stands for chlorophyll) : 

//° 

Ch + C 0 2 + H a O->Ch—O—C\ 

\ x OH 

H 

This stage is not photosynthetic for it can occur in the dark. Light is necessary 
for the next step, which is a rearrangement of the molecule, forming chlorophyll 
formaldehyde peroxide : 


//° 

CH—O—C\ 

\OH 

H 



CH—O—C—H 

'h ^ 


The molecule after the rearrangement contains more energy than before, the 
additional energy having been supplied from the sunlight. It readily loses oxygen 
(which as stated above is formed during photosynthesis as the free gas), while at 
the same time the chlorophyll molecule is released and the carbon, hydrogen and 
remaining oxygen atoms are rearranged as HCHO. This is the formula of 

/ H 

formaldehyde, whose graphic formula, however, is H—C^^while at this stage 

I 

in photosynthesis the same group of atoms is believed to be arranged as H—C—OH. 

Six molecules of chlorophyll formaldehyde peroxide are believed to break up at 
once, and the six groups H-G-OH to combine together immediately as a 

hexose sugar, C 6 H 12 0 6 , thus : 


O 


6 CH—O—C—H I ->-6Ch + C 8 H 12 0 6 + 60 g 


\ 


H 
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It should be added that chlorophyll is not the only internal factor which is 
necessary in a cell if photosynthesis is to occur. This is shown by the failure of 
bean seedlings to photosynthesise in their first week although they are green. 
The necessary factor which at this time is still lacking is probably an enzyme. 

At the completion of the photosynthetic process the sun’s energy has been 
transformed into the potential chemical energy of glucose. This glucose, with or 
without an intervening period of storage in the form of starch, may be used in 
either of two ways : as a source of immediately available energy, or as a material 
for the synthesis of such complex organic substances as cellulose, amino-acids, 
oils, etc. 



CHAPTER XLI 


TRANSFORMATIONS OF ENERGY IN ORGANISMS: 

RESPIRATION 


EQJJA TION OF RESPIRA TION 

Animals and plants obtain the energy they need for all purposes other than 
photosynthesis from exothermic reactions in which organic compounds are broken 
down and energy liberated. Since the sole products of photosynthesis are glucose 
and oxygen, it is from glucose that, directly or indirectly, animals and plants 
derive energy. It is true that many other organic substances, including fats and 
proteins (after hydrolysis to amino-acids and their de-amination, p. 498) can 
similarly be used as energy sources, but these were themselves synthesised in 
endothermic reactions driven by energy released from glucose. 

The process in which energy is thus made available to the organism is 
respiration, which may be defined as the break-down of substances of high energy content, 
the energy liberated being in part available for the use of the organism. 

In green plants glucose is stored chiefly as starch and in animals and fungi as 
glycogen ; in each case the polysaccharide is hydrolysed to glucose before it is 
used in respiration. 

In both animals and plants respiration usually involves an oxidative process, 
and when the substrate is glucose the process may be summed up in the following 
equation : 

C 6 H 12 0 6 + 60 2 ->- 6 C 0 2 + 6 H 2 0 

Several points must be mentioned in connection with this equation. 

Firstly, it is the photosynthetic equation reversed, reminding us that glucose 
begins and ends in carbon dioxide and water, and that the energy set free in its 
destruction is the energy used in its synthesis, that of sunlight. Two important 
differences between photosynthesis and respiration are that, whereas only the 
green parts of plants photosynthesisc, every living plant and animal cell respires, 
both by day and night, and that the stages intervening between glucose at one end 
of the process and water and carbon dioxide at the other are quite different in 
respiration and photosynthesis. 

Secondly, it follows from the equation that an aerobically respiring organism 
will take up oxygen from its environment and produce carbon dioxide. 

Thirdly, as with photosynthesis, the equation represents only the beginning 
and the end of the process, in which the intermediate changes may be 


Fourthly, glucose outside the organism is stable, not suffering oxidation or other 
destructive changes except with special catalysts or at very high temperatures, 
but within the organism it is continually being oxidised whatever the tempera¬ 
ture of the organism may be. 
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THE TAKING-UP OF OXYGEN AND PRODUCTION OF 

CARBON DIOXIDE 

If an animal is kept in a small closed space, it will soon die, and analysis of the 
air in the container will show that much of the oxygen has disappeared and been 
replaced by carbon dioxide. Another method, which eliminates the need for a gas 
analysis, is as follows. Equal weights of germinating seeds (a convenient material for 
the experiment) are put into each of two flasks with a stopper of glass wool in the 
neck. The flasks are inverted and placed with the mouth of each in a beaker. One of 
the two beakers contains caustic potash, the other water. On the following day it will 
be found that the level of water in the one beaker will not have changed while in 
the other the caustic potash will have risen in the neck of the flask until it occupies 
nearly one-fifth of the volume of the flask. This one-fifth is the volume previously 
occupied by oxygen. Taken up by the seeds, the oxygen is returned to the air in 
the flask as carbon dioxide ; this is absorbed by the caustic potash solution, which 
rises in the flask, occupying the volume previousy taken by the oxygen. The 
experiment could just as easily be performed with a small animal like a mouse or 
frog ; the animal would, of course, be suffocated. 

To show that carbon dioxide is given off, advantage is taken of its action in 
turning limewater milky. The organism to be tested is confined in a flask or other 
small enclosed space and is supplied with air from which carbon dioxide has been 
removed by bubbling it through at least two flasks of potash and then one of lime- 
water ; the purpose of the limewater is to show, by remaining clear, that the air 
passing through it has been freed of carbon dioxide by the potash. After passing 
through the flask containing the organism the air is drawn through another flask 
of limewater. If this limewater turns milky it shows that the air once more con¬ 
tains carbon dioxide, which must have been given off into it by the organism. 
The experiment gives a positive result with all organisms except green plants in 
the light. Green plants photosynthesise, and this is usually a more active process 
than respiration ; thus the carbon dioxide produced in respiration is built back 
into sugar again as quickly as it is formed, and more oxygen is given off than is 
taken up in respiration. Hence green plants appear not to respire. If, however, 
the plant be kept in the dark so that photosynthesis is prevented, it will be found 

that oxygen is taken up and carbon dioxide given off, just as in other aerobic 
organisms. 


ANAEROBIC AND AEROBIC PHASES OF RESPIRATION 

The inference we made on p. 486, that the respiratory process must be more 
complicated than is suggested by the simple equation 

C # H 12 O e + 60 2 -> 6 C 0 2 + 6H z O 

is correct. In recent years the respiration of animals, especially as illustrated in 
vertebrate muscle, has been intensively studied and, though still far from com¬ 
pletely elucidated, is found to be very complex. When a muscle contracts, 
glucose molecules (formed from glycogen) are split each into two molecules of 
lactic acid, and energy is released : 

C 6 H, 2 0 8 ->2G 3 H 8 0 3 + calories. 
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The energy set free is used in bringing about the contraction. Actually, we have 
here again an equation showing only the beginning and end of a series of reacdons, 
but this in no way alters the very interesting fact that the Jiberadon of energy from 
glucose is brought about without the intervention of oxygen, that is, anaerobically. 
What, then, is the part played by oxygen in the respiration of glucose? If a 
muscle be placed in an atmosphere of nitrogen, so that no oxygen is available to it, 
and caused to contract repeatedly (e.g. by electrical stimulation), lactic acid 
accumulates in it and glycogen disappears until at last the fatigued muscle refuses 
to contract any more. If, now, oxygen be admitted, several changes occur. The 
lactic acid disappears, glycogen reappears, and the muscle recovers the power to 
contract, that is, it recovers from its fatigued condition ; at the same time carbon 
dioxide is formed and there is a rise of temperature. It is found that one-fifth of 
the lactic acid present has been oxidised to carbon dioxide and water with libera¬ 
tion of energy : 

C 3 H 6 0 3 + 30 2 ->3C0 2 + 3H 2 0 + calories. 

Part of the energy is lost as heat (second law of thermodynamics) but the rest is 
used to build up the remaining lactic acid into glycogen again. 

In a short sprint, as everyone knows, one can run at a speed that could not be 
maintained for a mile. In the sprint, one is using energy liberated in the break¬ 
down of glycogen and the speed can be kept up for only a short time because lactic 
acid is accumulated faster than it can be removed by the oxygen brought in the 
blood, even aided by panting and a heart beating hard and fast. In the longer 
run lactic acid accumulation must as far as possible be prevented, so the energy used, 
and therefore the distance run, per second, is necessarily much less than in the sprint, 

Many chemical changes are associated with muscle contraction, and the whole 
process is much more complex than that outlined above. A number of other 
substances take part in the reaction and liberate energy. However, the ‘ key ’ 
substances here are glycogen, glucose and lactic acid and the above account 
serves to show how the muscle uses its carbohydrate (glycogen) to produce energy 
for the contraction process. 

In plants the course of respiration in general resembles that in animals. As 
in them, the first stages are anaerobic and lead to the formation of carbon dioxide, 
ethyl alcohol, and of various other substances. The aerobic phase follows the 
anaerobic and consists in the oxidation, often very indirectly, of the substances 
produced in the anaerobic phase. It is probable that all plants can survive for a 
time in the absence of oxygen. This is best known in yeast (p. 528) which, when 
deprived of oxygen, liberates energy and produces ethyl alcohol by breaking down 
glycogen ; in the presence of oxygen some of the alcohol is oxidised and the energy 
so liberated used to build the remainder back into glycogen. That other plants, 
too can for a time survive anaerobically is easily shown by placing some ger¬ 
minating seeds in a test-tube full of mercury inverted over a mercury bath. In a 
few hours bubbles of carbon dioxide appear in the tube, indicating that some, 
respiratory process has been going on. It is uncertain whether plants in general 
resemble yeast and animals in using some of the energy liberated in the aerobic 
phase to build some of the products of the anaerobic phase into glucose 

again. 
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RESPIRATORY MECHANISM 


In the laboratory, glucose is a stable substance which undergoes no change 
a ter months and years even in solution, but in the organism it is constantly and 
eadily oxidised to carbon dioxide and water. This greater reactivity is a result of 
the action of enzymes. 

No adequate account of the chemical machinery of respiration can be at¬ 
tempted here, but something may be said by way of indicating the general 
pattern. This can be done by describing, in a somewhat simplified manner, the 
oxidation, ultimately by atmospheric oxygen, of one fifth of the lactic acid which 
we have seen (p. 487) to be formed by the splitting of glucose when a muscle 
contracts. It is first important to realise : (1) that a substance can be oxidised 
either by the loss of hydrogen from it or by the addition of oxygen to it, and that 
the former is the manner in which organic substances are usually (if not always) 
oxidised in organisms ; (2) that whenever a substance is oxidised another is 
reduced, and vice versa. 

T. he first step towards the oxidation of lactic acid is its combination with six 
molecules of water : 


CHjCHOHCOOH + 6H 2 0->CH 3 CH0HC00H-6H 2 0 

This hydrated lactic acid now reacts with the co-enzyme of a dehydrogenase (a 

hydrogen-detaching enzyme, called in the equation ‘ CoE ’) and is broken down 

to carbon dioxide, water, and hydrogen atoms which combine with the co- 
enzyme : 


GH 3 CH 0 HC 00 H- 6 H 2 0 + 1 2C0E-+ 1 2CoE- H + 3 C 0 2 + 3H.0 + energy. 

Thus the lactic acid is oxidised and the co-enzyme reduced. The reaction is exo- 

fourfifthTnf 15 ^ 1 w C Cn -i gy 1,b . eralcd ,s used in re-synthesis of the remaining 
four-fifths of the lactic acid to glycogen (an endothermic process), while die re- 
mainder is transformed into heat. 

Cvtochromrl contain P^ents called cytochromes. 

{ A y ) T eX ' St ' n ° Xld,Sed and reduced f °™, and the oxidised form 
n accept hydrogen from the dehydrogenase co-enzyme, so being reduced : 

12C0EH + i2Cyto-H2CoE+ i2Cyto-H 

hvHrn^r d . Cytochrome is now restored to its oxidised form by surrendering 
fore re g ducedtn i a ts Ct tum^° UP 602/1116 ^ wl >ich » there- 


i2Cylo-H + i 2 l- 0 -+\ 2 Cyto + I2/-0-H 


1 M-vn +3»-» 2 ->i2/-U +bH 2 0 


M.B. 
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lungs 


Fig. 324. A diagram of the mechanism involved in the liberation of energy from glycogen 

in respiration. 

(in two cases another of the enzymes) and then to surrender it to a substance more 
4 willing ’ to receive it. The six molecules of water produced in the oxidation of 
the indophenol oxidase can be used in the hydration of the lactic acid. Thus the 
only substances which enter the reaction from outside are the lactic acid and the 
oxygen brought to the reduced indophenol oxidase from the lungs, and the only 
substances left as end products and not used again are the carbon dioxide and 
water set free when the dehydrogenase co-enzyme oxidises the hydrated lactic acid. 
The equation given on p. 488 for the oxidation of lactic acid 

C 3 H« 0 3 + 30 2 -> 3 C 0 2 + 3 H 2 0 

is therefore a correct statement of its beginning and end. 



CHAPTER XLII 


TRANSFORMATION AND USES OF ORGANIC MATERIALS 


THE METABOLISM OF ORGANIC FOOD STUFFS IN PLANTS 


Carbohydrates 

Fate of glucose. Any of a n'jmber of things may happen to a molecule of glucose 
in a leaf. (i) It may be destroyed in respiration where it was formed, or it may be 
converted into sucrose and in this form be transported elsewhere in the plant, 
through the phloem, and reconverted into glucose for fuel at its destination! 
(2) It may be condensed with other glucose molecules as starch, either in the leaf 
or elsewhere. (3) It may take part in synthetic processes, either at its site of for¬ 
mation or after translocation (as sucrose) elsewhere, being built up into cellulose, 
oils, proteins, or any of a legion of other chemical substances, and in its new form 
it may be used as a reserve of food, form part of a cell wall, or of the living proto¬ 
plasm of a cell. 

Starch and other modes of carbohydrate storage. Much of the glucose formed in 
photosynthesis is removed as fast as it is formed to other parts of the plant. When 
photosynthesis is active, however, it is formed faster than it can be removed and 
it is then condensed into starch which is seen as tiny grains embedded in chloro- 
plasts, even though the condensation is not a photosynthetic process. During the 
night, when photosynthesis has stopped and no new glucose is being formed the 
starch grains in the chloroplasts disappear, being hydrolysed into glucose again. 
Phis is then transformed into sucrose and removed from the leaves ; that is whv 
leaves can be de-starched ’ by keeping them in the dark for a couple of days 

Wh ' Ch * f0rmed in 1116 ch,oro P lasts is temporary it is called 


Much of the glucose removed from the leaves is again condensed as r/omp, starch 
in storage organs like the cortex of the roots, in tubers, in seeds, etc. The grains of 

of°e!S h H arC m V Ch ‘ arg ^ ? an f thosc of ^nsitory starch. The development 

in LcL g ?Wo“phylr * ^ ^ a chI ° r °P ,as * “<*P* 

noint n J St f Ch 15 dep ° sited 35 a series of concentric layers around the 
p nt at which the development of the gram began, and which is called the hilum 

JnttlT p an r ** hdu f 15 pl f ced centrally in the grain, as in the starch from the 

°K P< Sm nd bean P antS ’ whilc in others il 18 eccentric in position as in 
potato starch. When necessary, the starch grains can be hydrolysed into glucose 
again, and this removed whither it is needed ^ glucose 

not ^variably *e form in which carbohydrates are stored by nlants 
Thus in the sugar-cane (Saccharum officinanim) the suzar beet (R*tn 

stores in the onion bulb and in grapes is glucose, which is sometimes called^e 
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Fig. 325. A, starch grains in cells of a potato tuber (from Brimble) ; B, cellulose 
deposited as a carbohydrate reserve on cell walls of the endosperm of Lodoicea (after 
Gardiner, from Bower) ; C, a cell from the endosperm of Ricinus showing crystalloids 
embedded in aleurone grains (after Strasburger). 

sugar. Sometimes cellulose is used as a carbohydrate reserve, as in the specially 
thickened cell walls of some endosperms. 

Cellulose. By far the most important part played by carbohydrates in building 
the structure of the organism is in the formation of the cellulose in the cell walls of 
plants. This is built, by the condensation of glucose, in the meristems, where new 
cell walls are being formed, and in the zone of differentiation near the meristems, 
where cell walls are thickening. Other important sites of cellulose formation are 
in growing plant embryos, in endosperms and in fruit formation. The glucose 
either comes direct from the foliage or is mobilised from storage organs, as in the 
growth of a new shoot from a bulb or corm in spring, or from the endosperms or 
cotyledons in the germinating seed. 


Fats and oils 

Besides starch, important energy reserves occur in plants in the form of fats 
and oils, the advantages of which as storage products have already been mentioned 
(XJ 477 ) Their importance in seeds and fruits is probably that they contain more 
energy per unit weight than carbohydrates and that their low specific gravity 
makes them suitable for inclusion in wind-borne fruits. The only seeds in which 
thev are replaced by starch are those of cereals, grasses, peas and beans. I hey 
are formed in the fruit or seed from glucose. Since their energy content is greater 
than that of equal weights of glucose their formation from it is an endothermic 
process, and some of the glucose is respired to liberate the necessary energy, 
number of fats and oils arc of economic importance. Coconut oil is used in the 
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manufacture of soap and other substances, olive oil is an important food in some 
parts of the world, and castor oil is used medicinally and as a lubricant. 

The function of fats and fat-like substances is not only as a reserve store of 
energy ; they also play a part in the structure of the living cell, especially in the 
semi-permeable membranes by which protoplasm is bounded and are believed to 
contribute to the peculiar and important osmotic functions of these structures. 


Amino-acids and proteins 

Since amino-acids contain nitrogen, their synthesis requires nitrogen-contain¬ 
ing raw materials as well as the fatty acids whose combination with the amino 
group *(p. 478) makes the amino-acid. Apart from certain bacteria (pp. 535-7), 
plants are unable to make use either of elementary nitrogen or of nitrogen in most 
of its chemical combinations, and are restricted to nitrates, nitrites (for example, 
KN 0 3 and KN 0 2 ) and to some extent ammonium compounds, in solution in the 
soil water. The nitrogen of these salts is reduced and brought to the form of the 
amino group ( -NH,). The amino groups are then caused to combine with fatty 
acids forming amino-acids. 

The process can apparently take place anywhere in the plant, but probably 
occurs chiefly in the roots (close to the supply of nitrates) and in the leaves. Once 
formed, amino-acids may be condensed on the spot into proteins or may first be 
transported elsewhere. 

The proteins found in plants can be roughly divided into those of relatively 
simple construction which are found as protein stores and those more elaborate 
proteins which form part of the living protoplasm. The function of storage pro¬ 
teins in plants is to be held in reserve against the time when their constituent 
amino-acids will be needed for incorporation in the living protoplasm. Protein 
reserves may be found in any cell, either in solution in the cell-sap or as minute 
granules in the cytoplasm, or even in the nucleus. Sometimes, the granule has 
a more or less regular crystalline form and is known as a crystalloid. In many cases, 
particularly in the more oily seeds, but also in wheat, the protein deposits arc 
larger and more complicated in structure and are called aleurone grains ; very often 
there are crystalloids embedded in the aleurone grains. In cereals and grasses a 
layer of cells at the periphery of the starchy endosperm is particularly rich in 
aleurone grams and is known as the aleurone layer. It is often removed in the 

milling of wheat, and that is one reason why whole-meal flour is more nutritious 
than other flours. 


he reserve proteins, when required for use, are broken down to amino-acids, 
nT t h n e ff Can i transported through the plant while the indiffusible proteins can- 
t. Diffusibihty is not the only consequence of this hydrolysis. Another is the 

hXwTThf SPCClfi i natUrC ° f the pr ° tein for > when P rotein reserv es are 
hydrolysed, the ammo-acids can be recombined forming new proteins quite 

P r“;Tf^ruv^l’;; he storage organs and capabie of being added to * e 

The^ate of r th COmbi, l ati ° n ° f ami "°- acids to form proteins some may not be used, 
or^™ r/^ SUPP US amm °- acids show s why plants do not need kidneys or other 
organs of rutrogenous excretion, such as are so universally present in animals 

As m animals p. 498), the surplus amino-acids suffer de-amination, the amino 
groups being split off from the fatty acids. The amino groups are tl’ien buift up 
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into the substances asparagine (CONH 2 - CH, - CHNH 2 - COOH) and glutamine 
(CONH, - CH 2 - CH 2 - CHNH 2 - COOH). These are kept in the plant as 
reserves of amino groups, and are broken down at need, the liberated amino 
groups being then used in the synthesis of amino-acids. The cycle of amino-acid 
and protein metabolism in plants may be represented in a diagram, thus : 



photosynthesis 



The power of the plant to form asparagine, together with its ability to synthesise 
amino-acids from amino groups and fatty acids, spares it the necessity of waste- 
fully eliminating its excess nitrogen as animals must do through their kidneys 

(P- 5 ° 5 )- 

METABOLISM OF ORGANIC FOODSTUFFS IN ANIMALS 

Animal metabolism differs from that of plants in two fundamental respects : 
(i) the inability of animals to synthesise sugars, or any other organic substance, 
from inorganic raw materials, (2) their very restricted ability to synthesise their 
own amino-acids (though of course they can obtain them by hydrolysis of pro¬ 
teins). It follows that animal food must contain glucose, or carbohydrates that 
can be hydrolysed to glucose, and that nitrogen must be present in forms chemi¬ 
cally not less elaborate than amino-acids. Theoretically, animals should be able 
to dispense with fats, for they can synthesise these from glucose, but in fact their 
food always does contain the three principal classes of organic food materials : 
carbohydrates, fats and proteins. In addition, they require mineral salts, 
water and small quantities of certain organic materials of diverse chemical nature 
known as vitamins. In the absence of vitamins from the diet, or in their serious 
deficiency, conditions known as vitamin-deficiency diseases occur, among which 
are scurvy, rickets and beriberi. 


DIGESTION 

Need for digestion 

Digestion is the hydrolysis of the more complex organic food substances into 
less complex materials. It is necessary for two reasons. (0 The epithelial lining 
of the gut is a selectively permeable membrane, and so are all the cell membrane 
of the body ; the larger organic molecules can pass neither through the gut wa 
into the blood or lymph, nor through the surface membrane into any cell in the 
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body. Digestion breaks down the larger molecules of the food into smaller and 
diffusible molecules which are able to traverse these membranes. (2) The com¬ 
ponents of the food materials require re-arrangement when they are finally 
incorporated in the body. The proteins of a piece of steak, for example, may con¬ 
tain the same amino-acids as those of a man, but these are arranged in different 
ways in the molecules of the human and beef proteins, and the man can only 
re-arrange them after they have been set free by hydrolysis. 

We do not usually think of digestion as occurring in plants, but when a plant 
hydrolyses reserve foods it is digesting them very much as animals do and for 
similar reasons. 

The following account of the digestive process applies to mammals and 
especially to man ; but the process does not seem to differ fundamentally in other 
animals, at any rate among the vertebrates. 


Digestion in the bnccal cavity 

The principal event occurring in the buccal cavity is preparatory to the true 
digestive process : the mechanical break-down of tissues in the food, increasing the 
total surface area of its fragments by reducing their size, and making it easier for the 
digestive juices of other parts of the alimentary canal to penetrate them. This is 
especially important with vegetable foods, whose protoplasm and valuable storage 
substances are enclosed in the cellulose cell walls. Since animals cannot digest 
cellulose (but see p. 496) these must be mechanically broken down. That is why 
in herbivorous animals the cheek teeth are usually specialised as very efficient 
grinders, and why some herbivores ‘ chew the cud 

Besides suffering mechanical comminution, the food in the buccal cavity is 
subjected to the action of saliva. Saliva contains mucus. The food, reduced to a 
paste by the teeth, is mixed with this, made by the tongue into a rounded bolus, 
and swallowed. Mucus has no chemical action but is a lubricant and binds the 
bolus together. Besides mucus the saliva contains an enzyme, ptyalin, whose action 
is to begin the hydrolysis of starch which it breaks down to the soluble disaccharide 
maltose * biit it is improbable that the ptyalin has time to affect more than a small 
amount of the starch present before the bolus is swallowed. 


Digestion in the stomach 

The principal substance contained in the gastric juice, as the secretion of the 
glandular stomach wall is called, is the enzyme pepsin. Pepsin begins the 
hydrolysis of proteins, breaking some of the peptide links of the enormous mole¬ 
cules, and so converting them into smaller proteoses and peptones. These are soluble 
but still cannot pass through the gut wall. Pepsin acts only in an acid medium’ 
his is provided by free hydrochlonc acid secreted by certain cells of the glands 

vounp- r T COSa ‘ An °? er enz > rmc of the gastric juice, present especially in 
young mammals, is rennin y which curdles or coagulates milk. 

The most important action of the gastric juice on fats is indirect: the dissolution 

,y p t epsm ° f *5? P rot °plasm of fat-laden cells and of the collagen fibres of connec- 
ive tissue binding them together sets globules of fat floating freely in the stomach 
and it is m this condition that the fats pass into the intestine. ’ 

wh.Vh L St ° maCh pr ° duc ? f° cnz y me attacking carbohydrates but the ptyalin 
which impregnates every bolus arriving from the buccal cavity continues to act for 
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a time. Since, however, it is effective only in a nearly neutral medium it is stopped 
by the penetration of the gastric hydrochloric acid. On the other hand, the acid of 
the stomach may hydrolyse some cane sugar to glucose and fructose. 

Digestion in the intestine 

The intestinal fluid, which contains all the substances necessary for the com¬ 
pletion of digestion, is derived from three sources. One is the secretion of the 
intestinal wall itself, the succus entericus ; a second is the secretion of the pancreas 
or pancreatic juice, and the third is the bile, secreted by the liver. 

Three important enzymes attack carbohydrates in the intestine. One is 
amylase, a product of the pancreas ; it resembles ptyalin in hydrolysing starch and 
glycogen into maltose, but its action is much more vigorous. A second enzyme, 
maltose, is a constituent of the succus entericus. It completes the digestion of 
starch and glycogen by splitting maltose to glucose, which can be absorbed by the 
intestinal wall and requires no further digestion. The third enzyme, also belong¬ 
ing to the succus entericus, is invertase ; it splits sucrose (cane sugar) into glucose 
and fructose. Fructose is a monosaccharide like glucose and can be rapidly 
absorbed. 

A bulky constituent of the food of all plant-eating animals is cellulose, which 
cannot be digested at any rate by the higher animals. In many herbivores, 
including the rabbit, the caecum is very large and contains enormous numbers of 
bacteria. These secrete an enzyme, cytase, which hydrolyses cellulose into simpler 
carbohydrates which are then used by both the bacteria and their animal host. 
This relation between bacteria and the vertebrates is evidently one of symbiosis 
(p. 570), an intimate partnership of benefit to both sides. 

The fats arrive in the intestine in comparatively large globules. The first 
change they suffer is emulsification : the globules become divided into multitudes 
of tiny droplets and so present to digestive enzymes an enormously greater surface 
for their action. This change is brought about by two salts (sodium glycocholate 
and taurocholate), secreted by the liver in the bile, which greatly lower the surface 
tension in the intestine. The enzyme acting on the emulsified fats is lipase, a pro¬ 
duct of the pancreas; it splits them into glycerol and fatty acids, neither of which 
requires further digestion. According to recent work, only a small part of the fats 
are thus hydrolysed ; the liberated fatty acids assist in the emulsification of the 
remainder which is absorbed without undergoing chemical digestion. 

The proteins arrive in the intestine as proteoses and peptones, and there may 
also be unaltered proteins which have escaped the action of the gastric juices. The 
enzymes which complete their digestion are a group of several, collectively known 
as trypsin, secreted by the pancreas,and others, collectively called erepsin, secreted by 
the intestinal epithelium. Some of the trypsins show little activity when first 
released into the intestine,but are activated by an enzyme enterokinase which is 
produced by the intestinal epithelium. Trypsin hydrolyses proteins and such 
early products of protein digestion as proteoses and peptones into polypeptides. 
It acts only in an alkaline medium, and this is provided for it by the bile, which 
quickly neutralises any acid entering the intestine from the stomach. Trypsin 
also breaks down some polypeptides into amino-acids, but these later stages of the 
hydrolysis are brought about chiefly by erepsin, which is without effect on pro¬ 
teins, proteoses and peptones. 
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Absorption of the digested food 

Digestion is completed in the small intestine and it is through its walls that 
the digested foods are absorbed. Very little is known of the mechanism of ab¬ 
sorption. Even such apparently simple matters as the absorption of water and 
salts are by no means understood. Though osmotic forces doubtless play a part, 
the absorption of water from solutions hypertonic to the blood, and many other 
puzzling facts, show that other factors are at work ; there can be little doubt that 
absorption involves the doing of work by the intestinal cells. 

During absorption the intestinal villi are in active movement, and there is evi¬ 
dence that these movements are important in absorption. 

Carbohydrates are absorbed as glucose and fructose, and proteins as amino- 
acids ; they pass into capillary blood vessels in the villi, thence into the hepatic 
portal system and so to the liver. Fats are absorbed as glycerol and fatty acids in 
the lower part of the small intestine. Instead, however, of passing in this hydro¬ 
lysed condition into the blood stream, they are re-synthesised into fats in the cells 
of the intestinal epithelium and thence pass as fats into lymphatic channels in the 
villi, through the lymphatic system to the thoracic duct (p. 248) and so into the 
veins. According to recent work, a great part of the ingested fat is absorbed 
through the intestinal wall unchanged except in being emulsified. 


Treatment of foods after absorption 

Absorbed food materials may be used for either of the two basic functions of 
nutrition : the liberation of energy in respiration, or assimilation as part of the 
intimate structure of the animal. They may be used in these ways at once or they 
may be stored, after undergoing chemical changes. 

Carbohydrates. Since other monosaccharides absorbed from the gut are pro¬ 
bably converted into glucose, this is the only absorbed carbohydrate whose further 
treatment we need consider. Much of the glucose is used for the respiratory needs 
of the tissues ; this portion circulates in the blood, where it is known as ‘ blood 
sugar \ Another portion is taken up by the cells of the liver from the hepatic 
capillaries, and also by other tissues, especially the muscles, and condensed to 
glycogen, of which substance both the muscles and the liver contain a considerable 
store. During activity when the rate of respiration is increased, some of the glyco¬ 
gen is hydrolysed back into glucose and released into the blood. The amount of 
glucose in the blood is kept remarkably constant (p. 505). 

While by far the greater part of the glucose is sooner or later used in respiration, 
a smaller but important part is incorporated in living protoplasm in more or less 
intimate association with its proteins, and also in the gluco-proteins which are im¬ 
portant constituents of the ground substances of cartilage and bone, and in mucin. 
But it is worth noting that the constructional use of carbohydrates is less immedi¬ 
ately obvious m animals than it is in building the cell walls of plants. 

tats. Since the fats are carried away from the gut in the lymphatic vessels they 
d ° im ? e f ,at ely g° to . the liver. By far the greater part of the absorbed fat l 

3 f ? h f in ? de P° sited in ad 'P° se tissu e which is found in the most 

tZTrlX f- hC b °, dy bUt es P eciaU y beneat h the skin, and which consists of 
conta,mn g * large vacuole filled with a droplet of fat. One may visualise 
the blood sugar and the glycogen of the muscles as the source of energy available 
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for immediate use, the glycogen of the liver as a first reserve, quickly available at 
need, and the fat as a larger store, somewhat less readily available, but drawn 

upon especially in long-continued activity or starvation. Taking exercise is the 
best way to reduce excessive fat. 

Fats are oxidised in respiration after hydrolysis to glycerol and fatty acids. In 
animals the fatty acids are oxidised in a series of stages, while in plants they are 
first converted to glucose. 

Besides their function as an energy reserve, a portion of the fats contained in 
an animal or plant play a part in its intimate structure. In animals, almost the 
whole of the storage fat may be lost without fatal results, but the constructional 
fats cannot be reduced without starving the animal to death. Little is known of 
the constructional uses of fats except their probable importance in giving to cell- 
membranes their peculiar properties. 

Amino-acids. Since proteins are the most important constituents of living proto¬ 
plasm and of many of its products it is to be expected that a very important func¬ 
tion of the absorbed amino-acids will be to undergo incorporation or assimilation 
as constituents of the proteins. This is especially true of growing animals. In 
addition, many other important substances, which the body must have if it is to 
remain alive and in health, such as hormones and other secretions, require as 
components particular chemical configurations which the animal can only find in 
the amino-acids of its food. 


Scarcely less important than their constructional value is the use of amino- 
acids as fuel, and in the adult it is to this that the greater part of the amino-acid 
intake is devoted. As they pass through the capillaries of the liver those not 
required for constructional purposes elsewhere are removed from the blood, and 
suffer de-amination. We may take as an example the amino-acid alanine which is 
broken down in several stages (one of which is an oxidation) into pyruvic acid, 
ammonia and hydrogen which passes to a hydrogen-acceptor. 

CH 3 CHNH 2 COOH + H 2 O^CH 3 COCOOH + NH 3 + H 2 


I 

alanine pyruvic acid ammonia Hydrogen acceptor 

The pyruvic acid is completely burned, either immediately or after transformation 
into a sugar, but the ammonia is toxic and must be eliminated. After a series of 
changes it becomes urea ( (NH 2 ) 2 CO) which is neutral, soluble and easily ex¬ 
creted by the kidneys. We have seen that in plants the surplus amino groups are 
preserved by incorporation into asparagine and glutamine. Animals too, have 
limited powers of salvaging amino groups by transferring them from one fatty 
acid to another (and so making a different amino-acid from the surplus one). 


Functions of the liver 

It may be well to summarise briefly the principal functions of the liver, (i) It 
produces bile. (2) It contains a large store of energy in the form of glycogen. 
(3) It de-aminates amino-acids not required in that form, and so adds to the 
supply of fatty acids, which may be burned as such or transformed into carbo¬ 
hydrates and then either burned, stored as glycogen, or built into fats. The liver 
also plays an important part in fat metabolism and other functions. 
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COMPONENTS OF GRO WTH 

Every organism increases in size between the beginning and the end of its life. 
We call this growth , but it is impossible to define growth in any precise manner. 
The changes which occur in a growing animal may be of many kinds. There may 
be an increase of size and of weight. But an etiolated seedling growing in the dark 
towards a source of light, although it undoubtedly becomes taller, actually 
decreases in weight, because, photosynthesis being prevented, it cannot build new 
organic materials. Nevertheless, to deny that it grows would be to do violence to 
the meaning of the word. There may be cell division in a growing organism, 
changes of volume, shape and surface area, development of structure, deposition 
of non-living materials like cell-walls or the 
numerous inter-cellular materials found in 
animals, but none of these is always present 
and therefore none provides a criterion in terms 
of which growth can be defined. If, whoever, 
we call growth ‘ a change in the quantity of 
living material and of an organism’s other rela¬ 
tively permanent constituents ’, we shall have 
a rough characterisation of the subject-with 
which we are dealing. 

Now, metabolism can be divided into assimil- 
atory, synthetic or anabolic processes, and 
analytic or katabolic processes, and the most 
fundamental factor in causing growth to occur 
is the predominance of anabolic processes over 
katabolic. If anabolic events dominate in the 
metabolism of an organism, more organic mate¬ 
rials are being formed than are being destroyed, 
and, if other circumstances permit, there will be 
formation of new protoplasm. In other words, 
there will be growth. If, on the other hand, 
katabolic processes predominate, food reserves 
will disappear as they are used in respira¬ 
tion, and later the protoplasm itself will be 
involved in the wasting process. Growth as 
a whole ceases and, even in man, will in some 

of its aspects become negative ; we do not Fio. 327. Left, a norma] broad 
become less tall but we do become less b f an P lant (Waa faba ); right, a 
heavy • . P lant which was grown in darkness 

(from Bower). 



499 



50° 


BIOLOGY 



dOyi 


CURVE OF GROWTH 

There are many ways of studying growth, and 
one is the attempt to find out how fast organisms 
grow and how their rates of growth change during 
their lives or are affected by external conditions. 
It has been hoped, by studying changes in 
growth-rate during the lives of organisms, to find 
laws which would be common to all and, from 
analogies with the rates of chemical processes, 
to obtain clues to the mechanisms by which 
growth rates are controlled. 

The simplest way of dealing with the figures 
obtained in studies of growth-rate is to plot them 
in a graph against time. This has been done for 
a very large number of different animals and 
plants. The graphs usually have essentially the 
form of an S, showing first a phase in which 
growth starts slowly and accelerates, and then 
one in which the rapid growth achieved at the 
end of the first phase decelerates and may stop. 


yg r — -,-The slow start may reflect no more than the fact 

mm. that the organism is at first small and therefore 

m / adds to itself only a small quantity of new mat- 

/ erial, while the amount added in unit time 

/ lc " l ' h increases as the organism becomes bigger. Thus 

/ | the curve, at first rising slowly, steepens. The 

/ . w later flattening of the curve may in part reflect 

200 / the inability of at least some mature tissue cells 

/ * to divide but so simple an explanation would 

ioo / not fit cases in which there are several cycles of 

rapid growth separated by intervening phases in 

^- 1 -£-^ which growth is slower. 

moniM It j s objected to the somewhat naive proceed- 
aii from ■ Groirth and Formby d'Arcy w. jng just described, that it gives no true picture of 
£S?r” c ““ ! ' changing growth-rates because a growth-rate can 

FtG. 328. Upper curve, die growth only be accurately expressed in terms of the 
in length of a lupine (after Pfeffer) ; quantity growing. It is necessary to express the 
middle curve, growth in weight of a amQ unt of the new material being added in 

terms of uni, weigh, (or length, etcO of tissue 
already present at each instant. When this is 
done it is found that the growth-rate per unit mass of tissue generally tends to 
decrease from the beginning of growth to its cessation (or till the beginning of a 


0 2 4 6 8 10 

months 

All from * Growth and Form \ by d'Arcy W. 

Thompson, by permission of the Cambridge 

University Press 

Fig. 328. Upper curve, the growth 
in length of a lupine (after Pfeffer) ; 
middle curve, growth in weight of a 
mouse) after Ostwald) ; lower curve, 
prenatal growth in length of a child. 


new acceleration). # _ . 

It must be confessed that the innumerable studies of the quantitative changes 
occurring during growth have not led to any very illuminating discoveries. Since 
growth is a resultant of many different sorts of change (for example, cell division, 
excess of anabolism over katabolism, uptake of water, increase of density, etc.) it 
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a no. (I(EU)) 5 mo Newborn i yit. 6 yri. la yts. 25 jt*. 

From A. S. Romer, ' Man and the Vertebrates by permission of the University of Chicago Press 
Fig. 329. Changes in form during the growth of a man. 


may be that no general ‘ law ’ of growth is possible and that we must be content 
to study each of its factors separately. 

Rates of growth are much influenced by external factors, as for example by 
nutrition. Among plants, light has an interesting effect. It retards growth in 
length but is necessary for the development of normal form and tissue structure ; 
seedlings kept in the dark become very tall but their leaves are very small and the 
histological differentiation of the tissues is abnor¬ 
mal while the chlorophyll fails to complete 
its development. Such plants are said to be 
‘ etiolated \ 



PARTITION OF GRO WTH 

In most organisms the mature form is different 
from that of the young ; a man differs from a 
baby in form as well as in size. These changes 
of form are produced by an uneven distribution 
of growth through the different parts of the 
growing organism. 

Very obvious examples of this are easily found 
in both plant and animal kingdoms. A potato 
is an organism and when it sprouts there is 
growth of the roots and shoot while the tuber 
itself shrinks as its reserves of food material are 
transferred to the growing parts and either built 
up into living protoplasm and cellulose, or 
oxidised in respiration. A germinating seed is 
another example, the endosperm or cotyledons 
playing the same part as the potato tuber. 

Among animals, the tadpole or insect larva 
in metamorphosis may be quoted. In each case 


1 



3 

From * Proceedings of Zoological Society of 
London t 1926 '. Prof. S. Zuckermann 


Fig. 330. Skulls of: i, new-born; 
2, juvenile ; 3, adult male ba¬ 
boons, showing the relative in¬ 
crease of the facial region as the 
absolute size of the skull increases. 
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there is regression of tissues which, like the 
tadpole’s tail, are of value only in the larva, 
while other parts, like the little groups of 
cells destined to form the legs of the frog, 
pass into a phase of rapid growth. In many 
animals the growth of certain parts is so 

From ' Growth ami Form by d'Arcy W. Thompson, related tO the gTOWth of the whole that, 3 S 

by p™" 5 ™ °f lhe Cambridgr University Press the who i e becomes larger, the part becomes 

33 1 • Deformation of the grid upon relatively larger, or relatively smaller, as the 
which it is drawn transforms a picture of , r 

Argyropetecus olfersi, left, into one of Sin- case ma Y be - 330 shows a senes of 

noptyx tlinphana, right. baboon skulls, in which the facial region 

becomes relatively longer the larger the 
cranium becomes. Fig. 331 shows how great changes in form could follow from 
rather simple differences in the pattern made by the apportionment of growth 
between different parts or directions. The outline of a fish called Argyropelecus 
olfersi is drawn upon a rectangle divided by vertical and horizontal lines into 
equal parts. In the next figure, the grid has been deformed and the fish drawn 
upon it again, sharing the deformation. The remarkable thing is that the drawing 
now represents, not A. olfersi , but a different though related species, Stemoptyx 
diaphana. 



LIMITATION OF GROWTH: SENESCENCE AND REJUVENESCENCE 

In man, the life-cycle begins with embryonic life and proceeds through a phase 
of growth ; after a period of years growth stops and is succeeded by maturity, 
during which the ‘ shades of the prison house ’ are not yet obvious but in which 
growth no longer occurs (except in tissues like the Malpighian layer of the epi¬ 
dermis, in which growth continually regenerates the keratinised layers). Maturity 
gives way to a slow but progressive ageing, or senescence, which ends in death. 
The external signs of senescence are familiar : the whitening and loss of hair, the 
loss of teeth, the weakening and wasting of muscles and other tissues, the wrinkled 
skin, the decay of intellectual powers, and so on. In this cycle two events are 
prominent : the relatively early cessation of growth and the process of senile 
decay. We must next ask whether these changes occur in all organisms. ( 

We saw earlier (p. 9) that unicellular organisms are ‘ potentially immortal 
in the sense that death, if it comes to them, comes as an accident externally 
caused and not, as in nearly all multicellular organisms, as the inevitable end of a 
process which can neither be checked nor reversed. The individual, dividing, 
continues into the daughter cells, and death does not enter the cycle. Now uni¬ 
cellular organisms in a favourable medium of infinite extent would multip y 
indefinitely ; their multiplication is in fact checked when their numbers so 
increase that the medium becomes unfavourable to their further proliferation (as 
by nutritional deficiency, accumulation of waste products, etc.), just as the 
S-shapcd growth curve of a multicellular animal finally flattens out - Tb »s sug- 
gests that the cells of a multicellular animal, if provided with ^favourable medium 
of indefinite extent, might similarly multiply indefinitely. The d 

be performed by means of tissue culture (p. 35 0 i .some kinds of cells, if provided 
at short intervals with fresh nutrient medium in which to live, can be kept a ive 
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dividing for periods which exceed the normal life span of their species of animal. 
In such cells senescence seem to have been averted. 

In a few animals of simple organisation it is possible to bring about a reversal 
of senescence, or rejuvenation. Thus certain worms ( Planaria , phylum platy- 
helminthes) if starved, become smaller and smaller, until they are of about the 
size and shape of baby worms just hatched from the egg. Further, their physio¬ 
logical condition appears, from what little is known of it, to resemble that of baby 
worms rather than that of adults. If the worms are fed, they grow to the full size 
again, and the experiment can be repeated as often as desired ; by adjusting the 
food supply, the worms can be brought to any desired size and kept so. Such 
experiments suggest the notion of ‘ physiological age Whether a planarian 
worm should be regarded as ‘ young ’ or ‘ old ’ depends not on the duration of its 
life hitherto, but on its physiological condition at the moment. In planarians the 
gears of senescence can be disengaged from those of time. Attempts by surgeons 
to procure similar results in man have not hitherto led to very happy results. 
Nevertheless, it is common experience that individuals of the same age in years 
differ so much in physical vigour and youthfulness of intellect that a statement of 
age expressed in time gives us only the roughest notion of an individual’s youth¬ 
fulness or senility. There is a rare but terrible disease, called progeria , in which 
senility, followed by death from old age, occurs in what should be childhood. 


It thus appears that the senescence of cells (and presumably therefore of the 
whole organism) is not an inevitable consequence of progressive changes in the 
cells themselves, but is brought about by alterations in the immediate environ¬ 
ment in which the cells live, that is in the blood and body fluids. Beyond this, so 
little is known about senescence and rejuvenation that little would be gained by 
pursuing the subject further. 

The length of life of plants varies from a few weeks to more than fifteen hundred 
years ; indeed, some of the largest trees are said to live for several thousands of 
years. Annual plants die probably because they have exhausted their food re¬ 
serves in forming flowers and fruit and cannot replace them in the less favourable 
circumstances at the end of the season, or because their tissues are unable to with¬ 
stand the onset of less favourable conditions. Neither explanation can account 
for the eventual death of perennial plants. Among these, it is important to re- 
member the fact of 4 continued embryology ’ (p. 182) ; so long as plants are living, 
cell division continues in their meristems (in the growing season), and year by 
year new differentiated tissues are formed. The life of the differentiated tissues is 
lar less than that of the tree as a whole ; they soon die and are added to the mass of 
dead material which fonms by far the greater part of the bulk of a large tree. The 
only cells which live on from year to year, as long as the tree itself lives, are those 
of the menstematic tissues. The question arises, whether it dies because its 
differentiated parts can no longer keep the meristems alive, or because its meri¬ 
stems lose at last their capacity to continue dividing. Now, most plants can be 

l e ien V . e f h eta n-r y l meanS ° f CUtdngS> and thc P° tential “fc of cutting 
^ the full length of life ui the species, even though, if it had remained on the paren t 

bv mel Jnf » aVC 11 at SOmc much earlief time. Indefinite s^vival 

not ZTu • ? mean ** meristematic tissues of plants are 

fome 1 T 10rta1 ' Probably > thcn - the ultimate death of a tree is caused by 
ome failure of its vegetative structure, but it is not known what this failure may hi 



CHAPTER XLIV- 


CONSTANCY OF THE INTERNAL ENVIRONMENT 
EXTERNAL AND INTERNAL ENVIRONMENTS 

The environment of an organism includes everything outside it. Now, in multi¬ 
cellular organisms the component cells, too, live in an environment which of 
course includes everything outside them. Their environment is therefore divisible 
into the part outside the whole organism, called the ‘ external environment ’, and 
the part inside it, the ‘ internal environment ’ or ‘ internal medium ’. 

An important difference between the external and internal environments is 
that while the outer world is in the main beyond the organism’s control, the 
internal environment, which is its own creation, is to a considerable extent con¬ 
trollable. Obviously, if an organism is to survive, the internal environment of its 
cells must not so change that they cannot live in it, and indeed should remain near 
the optimal condition. There is a sense in which the preservation of optimal condi¬ 
tions in the internal environment is the whole subject matter of physiology. We eat 
to maintain in our internal fluids the optimal concentration of digested food-stuff's, 
we breathe to maintain the optimal oxygen content in our blood, and so on. This, 
however, is too wide a usage for our purpose, and we will discuss only certain par¬ 
ticular problems and mechanisms which will serve to illustrate how dangerous 
internal variations are prevented. 

OSMOTIC REGULATION AND NITROGENOUS EXCRETION 

The control of the water content of an organism and the elimination of nitro¬ 
genous wastes are closely connected functions which provide a good example of an 
internal regulatory mechanism. 

In many animals which live in the sea, especially the lower marine inverte¬ 
brates, the osmotic pressure of the blood and tissue fluids is the same as that of sea¬ 
water, and so there is no tendency for water either to enter them or to leave them. 
But in most marine vertebrates and in some marine invertebrates the blood and 
lymph are hypotonic to the sea water which therefore tends to draw water out of 
them ; although living in water, they are in danger of death by desiccation. 
Marine fishes recoup themselves for the water thus lost by osmosis to the sea by 
drinking sea-water, and then excrete the salts, probably through special organs on 
the gills : the end result is as though they had drunk fresh water. The excretion 
of the salts involves the consumption of energy and the doing of work because they 
are driven out against the diffusion gradient. In fresh-water organisms, on the 
other hand, the blood and tissue fluids are hypertonic to the external water, and 
their danger is of being flooded and burst by the pressure of unwanted water 
entering their tissues. They must therefore either prevent the entrance of excess 
water or else throw it out as fast as it comes in. In fresh-water plan*, vvher l fuUy 
turgid, the resistance of the cell wall reduces absorbing power to zero (S = r - 1 —V 
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p. 467), and no water can enter their cells. Animals always have surfaces, such as 
that of the gills, which are permeable to water, and so they cannot prevent its 
entry but must pump it out again. Evidently, this again involves the doing of 
work. In fresh-water protozoa the pump is there for all to see : the contractile 
vacuole. In vertebrates the organs of water elimination (as of nitrogenous ex¬ 
cretion) are the kidneys, and especially their Malpighian bodies. The blood 
pressure in the glomerular capillaries is greater than that in the cavity of the 
Malpighian body, and the walls of Bowman’s capsule are permeable not only to 
water but also to salts, glucose, amino-acids, urea, and everything in the blood 
except its corpuscles and the relatively enormous molecules of its proteins. Thus 
the heart, by creating the blood pressure, tends to force all these constituents of 
the blood into the cavities of the Malpighian bodies which thus act like a series of 
filters or ‘ ultra-filters ’. As the filtrate passes down the uriniferous tubules to¬ 
wards the ureter the blood in the capillaries around them reabsorbs from them 
everything of value, so the salts, glucose, amino-acids, etc., but not the urea, 
return to the blood. 

Fresh-water fishes eliminate the great quantities of water continually diffusing 
into them through their gills by producing a very voluminous but very dilute 
urine. The conditions of terrestrial life demand not the elimination of water but 
its conservation. The land vertebrates form a dilute urine by ultra-filtration at 
the Malpighian bodies as the fresh-water fishes do, but reabsorb water and other 
useful substances from it as it passes along the tubules. In mammals, this is 
believed to happen especially at the loops of Henle. It is uncertain whether any 
process other than filtration and reabsorption normally occurs in the kidney, but 
it has been shown that, under experimental conditions, substances can be added 
to the urine as it passes along the tubules (as well as absorbed from it). 

CONSTANCY OF THE BLOOD SUGAR 

In spite of the great variations in the rate at which the glucose in the blood is 
removed and oxidised by the tissues when active and inactive, its concentration in 
the blood remains surprisingly constant. The maintenance of this constancy is an 
excellent example of the combined action of several diverse organs controlling a 
single factor in the internal medium. The store of glycogen, especially in the liver, 
is the pool from which the blood sugar is replenished and into which excess is paid 
but, besides the liver, other organs are involved. Scattered through the pancreas 
are groups of cells, histologically different from those which make up the bulk of 
the organ, and called islets of Langerhans. The islet cells secrete the hormone 
insulin into the blood. Insulin catalyses the condensation glucose—*-gIycogen, and 
therefore tends to reduce the blood sugar. Another hormone, adrenalin (p. 267), 
favours the hydrolysis of glycogen and so raises the blood sugar. The level of the 
blood sugar is regulated by the balanced action of these opposing hormones whose 
production is in turn at least partly controlled by the autonomic nervous system. 

THE PRODUCTION OF HEAT AND THE REGULATION OF 

TEMPERA TURE 

It follows from the second law of thermodynamics that in any exothermic 
reaction only a part of the energy liberated can be used for useful work and that 
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some of it must be converted into heat. Since exothermic reactions occur in all 
organisms, as for example in respiration, either organisms must be producers of 
heat or they must disobey the law, and would then be the only example of perfect 
machines in which all the energy produced is used for useful work. Now, since all 
plants and all animals except birds and mammals are poikilothermic (p. 231), 
their temperatures being the same as, or very close to, that of the external environ¬ 
ment, it might be supposed that they produce no heat. It is, however, not very 
difficult to show that heat is in fact produced by all organisms, but in the poikilo¬ 
thermic species is so rapidly lost to the environment that the temperature of the 
organism exceeds that of the environment by a trivial or even unmeasurable 
quantity. Even among plants, in which the enormous ratio of surface to volume 
ensures the very rapid loss of any heat produced, the production of heat can be 
demonstrated, most easily in fleshy fruits, bulbs, tubers, and seeds in which this 
ratio is so much less than in other parts. In one experiment 75 grams of peas 
in 100 cc. of water raised the temperature from 18 deg. C. to 38 deg. C. in seven 
days, liberating 2593 calories. The heat inside hay-stacks and dung heaps is at 
least partly produced by fungi and bacteria. In poikilothermic animals, too, a 
production of heat can be demonstrated and indeed many of them may have a 
temperature half a degree or so above that of the environment. 

VVe have already seen (p. 231) some of the advantages gained by the homio- 
thermic animals, from their high and constant body temperature. 

It is in the oxidative reactions of metabolism that nearly all heat production by 
organisms occurs, and in vertebrates by far the greater part of the heat originates in 
the muscles in the aerobic phase of respiration (p. 487). Besides this degradation of 
chemical energy into heat, the mechanical energy of a muscle is similarly trans¬ 
formed into heat if it is not expended in work. Even in an animal at rest the 
muscles are in a steady state of contraction (called tone) and since the mechanical 
energy of their contractions is not used in external work, it is transformed into 
heat and helps to keep the animal warm. 

The temperature of homiothermic animals is regulated by mechanisms which 
control (a) the amount of heat produced, ( b ) the rate at which it is lost to the 
environment. The production of heat is regulated by varying muscular activity. 
In cold weather we tend to be more active than in hot, because we thereby in¬ 
crease our heat production and keep warm, but a lizard becomes sluggish because 
it immediately loses the heat it produces and its metabolic rate falls with its 
temperature. Shivering is a device whereby mammalian muscles, by many small 
rapid contractions doing almost no external work, transform both mechanical and 
chemical energy into additional heat. The rate of loss of heat is regulated by 
accelerating or decelerating it according to the circumstances. Loss of heat is 
delayed principally by constricting the small blood vessels in the skin so that less 
blood approaches the surface of the body. In many animals this is aided by 
erection of the fur or feathers, so that the layer of still warm air next to the skin 
becomes wider and retains its temperature for longer, so again delaying the loss of 
heat from the skin. An interesting vestige of this device in man is ‘ goose flesh , 
in which each little pimple is caused by the erection of one of the tiny hairs with 
which our bodies are still sparsely covered ; it is of course quite ineffective m 
keeping us warm. Acceleration of the loss of heat, which becomes necessary in 
very hot weather or when much has been produced by the high rate of oxidation 
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during exercise, is brought about by a number of devices. One of the chief of 
these is the dilatation of superficial blood vessels, so that more blood courses in the 
skin and more heat is radiated from it. Another is evaporation of water from the 
skin after increased sweating. Some heat is also lost by radiation and by evapora- 
tion of water from the open mouth and in the breath by panting ; this is especially 
the case in dogs which have very few sweat glands and which cool off by putting 
out their long tongues while their short rapid pants enable water to be rapidly 
evaporated from the mouth and bronchi without increasing the intake of oxygen 
more than a little, if at all. 

The many structures concerned in temperature regulation evidently require 
co-ordination. There are certain nervous centres in the brain which are affected 
by slight changes in the temperatures of the blood and also by nervous impulses 
originating at the skin in sense organs responsive to temperature changes. Out¬ 
going impulses from these centres control the wide-spread mechanism of tempera¬ 
ture regulation. 



CHAPTER XLV 


BEHAVIOUR OF ORGANISMS : PLANTS 

The behaviour of an organism is what it does, how it avoids enemies, finds a 
mate, rears its young, gets its food, and so on. But the study of behaviour would 
be something less than a science if it were content with the description of these 
things. It tries to go further, to find out how far conduct is directly called forth, 
like a simple reflex, by environmental stimuli, and how far it is determined by 
events occurring within the organism ; it seeks to learn whether behaviour can be 
altered as a result of past experience, and whether organisms can adapt their 
conduct, in an intelligent manner, to changed and unusual circumstances. 

There can be no serious doubt that in plants, which have nothing resembling 
a nervous system, no mind exists, in any ordinary sense of the term. Nevertheless, 
plants do ‘ behave ’, for they move. The movements may conveniently be divided 
into those which occur only in direct response to excitation from the plant’s 
environment ( induced movements), and those which are excited from within the 
plant and are not called forth as immediate responses to external stimuli ( auto¬ 
nomic movements). 


INDUCED MOVEMENTS 

Induced movements are again divided into directive and naslic movements. In 
directive movements the direction of the movement is determined by the direction of action 
of the stimulus. They are classified as tropisms and taxes. 

Directive Movements 

Tropisms. Tropisms are directive movements by part and not by the whole of 
the plant, and are carried out by growth, as when a green plant in a dark room 
grows towards the window. 

As an example of a tropism, we shall study the reaction of growing roots and 
shoots to gravity. When a germinating seedling is placed horizontally, it is found 
that, in its further growth, the apical part of the root turns downwards, so that the 

newly formed part is vertical, the apex pointing 
towards the earth, while the young shoot grows 
upwards, away from the earth, That this behaviour 
of the root and shoot is related to gravity can be 
shown by an instrument called the klinoslat, which 
consists essentially of a wheel or disk which can be 
kept rotating in any predetermined plane. Seed¬ 
lings or larger plants are fixed to it and slowly 
rotated. If the plane of rotation is vertical the 
directive action of gravity is neutralised because it 
acts evenly from all sides of the plants, whereas 
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Fig. 332. A bean seedling 
which was placed with the rad¬ 
icle and plumule horizontal. 
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normally it acts in only one direction. The result is that the roots and shoots 
grow without reference to the direction of gravity, continuing as at the beginning 
of the experiment. 

This response, in which the directions of the growth of root and shoot are 
determined by gravity, is called geotropism. The roots are said to be positively 
geotropic, because they grow towards the centre of the earth, the shoots negatively 
so because they grow away from it. Some plant structures, like rhizomes, grow 
horizontally, and their growth too is determined by gravity but is at right angles 
to it ; they are said to be dia-geolropic. 

A close study of geotropic response in a root placed horizontally shows that 
the part of the root behind the zone of elongation remains horizontal, that the 
apical parts come to point downwards, and that the curvature occurs, not in the 
region of the meristem, where new cells are being formed, but behind this, in the 
zone of elongation, where the cells grow to their final size and length. It is 
brought about by differential elongation of the cells on the upper and lower sides 
of the root : those towards the lower side elongate less than those towards the 
upper side, and the root necessarily bends downwards. Of course, in the stem 
the opposite occurs. 

Since the plant reacts to gravity, it must ‘ perceive ’ it, if such a word can be 
used of an organism which cannot be conscious. Experiments show that, what¬ 
ever the position of the rest of the root, there is no curvature if the extreme tip is 
held so that it points vertically downwards ; but if the tip is not vertical, curvature 
occurs whatever the position of the rest of the root, even though it be vertical. It 
is thus the root-tip which is sensitive to gravity and not the zone of elongation, 
although it is in this that the curvature is carried out. The sensitive region ex¬ 
tends further from the tip in some plants than in others. 

Nothing is certainly known of the manner in which the direction of gravity is 
perceived and the mode of transmission of the stimulation to the zone of elongation 
is nearly as obscure. Auxins (p. 182) arc certainly involved. These diffuse back¬ 
wards from the tip of the root or stem and it is supposed that gravity in some way in¬ 
fluences their distribution around the circumference of the zone of elongation, more 
accumulating on the lower side of a shoot or root placed horizontally. In roots 
the auxin retards the elongation of the cells, making the lower side of the root 
grow more slowly than the upper, while in stems it has the opposite effect. Of 
course, if the root or stem is vertical, the auxin is evenly distributed around the 
zone of elongation and no curvature occurs. 

Plants show directed responses to a number of external factors besides gravity, 
plant kept in a dark box with a window in its side grows at an angle with the 
vertical which is the resultant of the action of gravity trying to make it grow 
vertically upwards and of the light trying to make it grow towards the window. 
Growth towards light is positive 
photolropism. Shoots are positively 
phototropic, leaves usually dia-pho- 
totropic, placing their laminae at 

right angles to the rays, while most From Jama' • Plant Physiology.' Oxford Univrrtity P, as 

roots are insensitive to light. Hapto- F10.333. When deprived of its tip, the root of 

tropism or thigmotropism is the reaction ? sccd hng does not react to gravity (left) ; 
to contact with solids and is seen ' ,h “ U “ “■> " 
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especially in the tendrils of climbing plants which 
coil round supports by growing faster on the side 
away from the support than on that towards it. 
Roots tend to grow towards water. This hydro¬ 
tropism is a case of a group of reactions called 
chemolropisms in which the direction of growth is 
determined by increasing or decreasing concen¬ 
tration of various chemical substances. Pollen 
tubes grow towards substances given off by the 
stigma of the plant and many fungi grow along 
decreasing concentrations of products of their 
own metabolism (so tending always to invade 
new areas of their food). 

Taxes. Taxes are directive movements of the 
whole organism, that is movements of locomotion in which the direction of the 
movement is determined by the direction of the stimulus. They are of course 
much commoner among animals (p. 512) than in plants. Most free swimming 
algae are positively phototactic and the zoospores of many algae and fungi are 
positively or negatively so. The spermatozoids of many plants, like those of the 
fern, are positively chemotactic towards substances given off by the ova. 

Nastic Movements 

These are induced movements in which there is no relation between the direc¬ 
tion of the movement and that of the exciting stimulus, the direction of the move¬ 
ment being wholly determined by the structure of the plant. Included in this class 
are the opening and closing of many flowers and some leaves. The movements 
are in some cases induced by changes in the intensity of illumination, in others by 
changes in temperature. In flowers they are usually carried out by different rates 
of growth on the upper and lower surfaces of the petals, but in many other cases 
they are due to changes in the degree of turgor in various parts of the plant. 
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Fig. 334. Positive phototropism 
shown by mustard seedlings illu¬ 
minated from the side (direction 
of arrow). 


AUTONOMIC MOVEMENTS 


These include all movements, however executed, which are excited from within 
the plant, and are not performed as direct responses to external stimuli. 1 hus 
the growth of a stem is determined from within, and is therefore an autonomic 
movement, but the vertical direction of its growth is a geotropism.In mos plants 
the growing stem tip moves round in a circle, or rather because of its simultaneous 
upward growth, in a spiral. The circular motion is called arcrnmutatifm and, since 
it is determined from within the plant and not by external stimuli, it is an auto- 


nomic movement. . ,_i i „ 

The opening of leaf and flower buds are autonomic movements produced by 

more vigorous growth on the upper side of the leaves or petals ; this is seen very 

markedly in the unrolling of the spirally coiled fronds of ferns. 



CHAPTER XLVI 


BEHAVIOUR OF ORGANISMS : ANIMALS 

We shall consider the behaviour of animals, in spite of its limitless variety, in 
three categories. In the first we shall deal with such comparatively simple re¬ 
actions as reflexes and taxes, in the second mostly with complex ‘ instinctive ’ 
behaviour as seen especially in insects, and in the third we shall seek for evidence 
of that power of insight which leads to rational conduct and which characterises 
man. 


REFLEXES , KINESES AND TAXES 

Such simple reflex responses to external stimulation as the jerk of the knee in 
response to a blow on the patellar tendon are mechanical, determined movements 
from which all such factors as choice or deliberation are absent, and which can 
even be performed without conscious awareness. 

Reactions of such simple kind as these play a part in the behaviour of all 
animals. In the lower invertebrates they preponderate in the animal’s behaviour, 
which seems to consist, for the most part, of direct responses to stimuli with little 
or no power to vary the response in the light of experience or of insight. Many of 
the rcacdons of this type are grouped under one of the two headings kineses and 
taxes. In a kinesis, the response is a quantitative alteration in the activity of the 
animal : for example, a stationary animal will begin to walk about, or one already 
on the move may show more (or less) frequent changes of direction than before. 
The essential difference between kineses and taxes is that in kineses there is no 
relation between the direction of the movements and that of the stimulus. 

Kineses 

Every gardener has noticed how wood-lice congregate in moist situations, as 
imder planks, flower-pots and the like. How do they find such places? Wood- 
lice in dry situations keep walking, but in moist ones come to rest; it follows that 
they must accumulate in the moist places, for only there do they remain . Now, it is 
obvious that these simple facts can have several interpretations. It is possible to 
say that wood-lice dislike dry places, and walk about until they find a wet place, 
where they are happy. Alternatively, one can say that dry conditions stimulate 
sense organs and that walking is the reflex response to the stimulation ; in moist 
situations the stimulation ceases and with it the response, so that the wood-louse 
stops. The former hypothesis makes all sorts of unproved assumptions about 
wood-lice, as that they are conscious beings, that they have likes and dislikes, that 
they can make choices (between walking and not walking), that, while being in 
one situation, they can have some sort of mental picture of another and better one 
and that they can have and execute a purpose. The second hypothesis assumes no 
more than what is proved, namely, that a stimulus is perceived (but without 
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assuming that the perception is 
conscious), that there is conduc¬ 
tion, that a response is carried out 
by the effector organs, and that 
when the stimulus ceases to op¬ 
erate, so does the response. It is 
impossible to prove that compli¬ 
cated mental processes such as 
are assumed in the first hypothesis 
do not happen in wood-lice, but 
there is no evidence that they do 
and it is a cardinal maxim in all 
scientific thinking that a simple hypothesis which fits the facts is to be preferred 
to a more complex one. 

The response by the wood-lice, just described, is one of increase and decrease 
in the amount of activity, without effect on direction. Paramecium supplies a good 
example of a kinesis in which the response is a change of direction. When a 
swimming Paramecium meets an obstacle, it reacts in a regular manner : it stops, 
swiftly darts a short distance backwards by reversing its cilia, stops again, and then, 
keeping its posterior end stationary, rotates its anterior end, finally moving for¬ 
ward once more in a new direction which may evade the obstacle. If the obstacle 
is met again, the reaction is repeated. The response is given, not only to mech¬ 
anical stimuli, but also to other stimuli, as for example to heat, and to chemical 
stimuli. 

Taxes 

These, as already stated (p. 510), are movements of locomotion in which the 
direction of movement is determined by the direction of the stimulus ; cases in 
which the animal merely orientates itself with respect to the direction of the 
stimulus are usually included. 

By way of illustrating types of kinetic and tactic behaviour, and the differences 
between them, we may cite the food-finding response in one of the aquatic planarian 
worms. The worm is carnivorous. A piece of meat is placed in a large vessel 
containing the worms and at some distance from them. Substances diffuse from 
the meat into the water, and these can be perceived by sense organs situated 
on each side of the worm’s head. The first reaction by the worms is a 
kinesis ; they elongate their anterior ends and wave them about. Next they begin 
crawling, at random, and with many turns ; but they turn more frequently when 
they happen to be moving away from the meat than when they are going towards 
it, so that there is a slow drift of the worms in its direction. Nevertheless, the 
movement is still a kinesis, for it is not directed by the direction of the stimulus, but 
depends (a) on random movement and (6) on a decreased frequency of turning as 
the stimulation becomes stronger. When the kinetic drift, as we may call it, brings 
the worms nearer to the food, or perhaps as the concentration of stimulating sub¬ 
stances in the water reaches a certain level, the type of behaviour changes. The 
worms now move directly towards the meat, occasionally stopping and waving the 
head from side to side. This is a positively chemotactic response. The animal 
moves up a gradient in the concentration of stimulating substances ; so long as it 



From Grove & Novell, ' Animal Biology \ Univ. Tutorial Press 
Fig. 335 - The avoiding reaction in Paramecium . 
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is accurately following the gradient the chemical sense organs on either side of its 
head are equally stimulated, but if on waving its head to the left (for example) the 
stimulation is stronger than when moved to the right, a reflex response turns the 
line of crawling towards the left. 

Many animals react in a taxic manner to light, the response being called a 
photo-taxis. The full-fed maggots of flies are negatively phototactic, crawling away 
from a source of light. Although they have no eyes, their anterior ends can detect 
differences in intensity of illumination when they are swung to left or right, and if 
any difference is perceived, the direction of crawling is corrected to equalise it. 
In.many other animals, as in the positively phototactic bee, the right and left 
pcndulations of the head are not necessary and the reaction depends on the equal 
or unequal illumination of the two eyes. If they are unevenly illuminated, reflexes 
from the more strongly illuminated eye predominate over those from the other, and 
muscles are brought into action which turn the animal towards the light, if it is 
positively phototactic, away from it if it is negatively so. 

How little taxic reactions are an affair of conscious preferences by the animals 
for certain situations over others and how much more they resemble automatic 
reflexes in which choice is not involved and consciousness may not be, is shown in 
experiments in which a positively phototactic animal is presented with two light 
sources and in many cases passes between them. Such conduct is explained if the 
direction of movement is the resultant of two sets of reflexes each initiated in one 
of the eyes and each tending to turn the animal into the position which will give 
that eye the maximal illumination, but is harder to interpret in terms of prefer¬ 
ence for illumination, for this is brighter close by either light than it is mid-way 
between them. 

A number of animals respond to gravity. The perceptive organ is nearly 
always a sac-like structure, containing one or more small solid bodies called 
statoliths which fall on to whatever part of the sac is at the moment lowest. The 
statoliths there stimulate sensory cells in which impulses are set up, and these, if 
the animal is not normally orientated with respect to gravity, evoke reflex actions 
tending to restore the normal orientation. In prawns the little sac has an opening 
to the exterior and the statoliths are sand grains placed in it by the animal after 
every moult. In an experiment, moulting prawns were in an aquarium 
whose bottom was covered with iron filings, and these the prawns used as stato¬ 
liths. The iron statoliths were quite efficient until the experimenter placed a 
magnet close by when they came to lie in the sac in a position determined by 
the resultant of the two attractive forces of the magnet and of gravity. The 
prawns then oriented themselves to this resultant as they normally do to gravity, 
and therefore at an angle (depending on the position and power of the magnet) 

to the true line of gravity. In vertebrates the organ of perception of gravity is 
in the utriculus. 

An interesting group of responses is comprised under the name rheotaxis, 
the reaction to a flowing medium. This is displayed especially bv fishes 
living in nvers ; they orient themselves upstream and swim against the current 
at a speed which prevents them from being swept away. Of course, they can 
make excursions down stream. It has been proved that in thus maintaining their 
position fishes react to the sight or touch of objects on the banks or bottom of the 
river ; they swim so as to keep their position, with regard to such objects, constant. 
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Blinded fishes in a stream of water are swept along by it, being unable to orient 
themselves against the current, until they touch bottom, when they at once orient¬ 
ate themselves in the ordinary manner, heading upstream. They swim to keep 
pace with a strip of cloth moving steadily along the bottom of an aquarium. 

Objects moving in water, like fishes, or against which water moves, like rocks 
in a river bed, are the centres of disturbances which are transmitted through the 
water as waves of pressure change. These pressure changes are detected by the 
lateral line sense organs (neuromasts p. 131). A blinded pike snapped at a jerking 
fish five to ten centimetres away, but did not do so when the fish was dead and motion¬ 
less. Larvae of the axolotl, a salamander-like amphibian, even after the loss of both 
senses of sight and smell, will snap at a stream of water directed on to the head, 
but fail to do so if the lateral line organs on the head are missing. 


INSTINCTIVE BEHAVIOUR 

Instinctive behaviour is best introduced by an example. 

Many kinds of wild bee are solitary in habit. Although these solitary bees form 
no hives they all make nests of some kind in which they deposit their eggs with a 
supply of food for the young. Among them are some known as ‘ mason bees The 
female of one species of mason bee, after having been fertilised by the male, builds 
a nest, often under the eaves of houses, made of a sort of cement or mortar com¬ 
pounded of earth and saliva. First she constructs a little half-cup, like half an 
acorn cup, stuck to the wall under the eaves with its opening upwards. Then the 
bee goes foraging, and on her return fills the cup with a mixture of honey and 
pollen. Thereafter she turns builder again, and raises the wall of the cup, making 
it deeper, and then proceeds to fill the deepened cup once again with honey and 
pollen, then again raising the walls, again provisioning, and so on. Finally, when 
the cup has become a deep cell laden with honey and pollen the bee lays an egg in 
it, and then, using mortar, closes the cell completely. She makes several such cells, 
and finally covers them all over with a thick layer of mortar. When the egg in each 
cell hatches the maggot-like larva feeds on the honey and pollen, pupates, turns 
into a perfect bee, and finally escapes through the wall of the nest into the outer air. 

Now, this whole process raises difficult problems. How does the insect come to 
act as she does? She is not instructed by her parents, for they are dead long before 
she escapes from the nest ; successive generations never meet. We are left with 

two possibilities. . . , . 

(1) Without instruction or experience, her mind, by virtue of the inherited 

constitution of her brain, or as it were by intuition forms a picture of her eggs 
(which she has not yet seen), of her larvae (which she never will see), and of the 
food and shelter they require, so that, in full intelligent appreciation of her acts 

and why she does them, she may supply their needs. 

(2) She has no such intelligent appreciation, but is driven by an outflow of 

impulses from her brain to perform a series of actions, which will ensure the sur¬ 
vival of her young ; but she does not know this , . 

The experiment to be described was performed by the great French entomolo¬ 
gist Fabre. A bee had made a cup and had begun to stock it with honey and 
pollen, when Fabre made a large hole in the bottom. The bee put her head into 
the hole and examined it with her antennae ; if in building her nest she was acting 
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intelligently she would be expected to repair the damage. She made no attempt 
to do so ; instead, she went on building up the walls of the cup and adding more 
and more provisions, which either ran out of the hole in the bottom or were 
deliberately removed by Fabre. She never mended the hole in the floor, as she 
easily could have done with the cement she was using to raise the wall. Finally, 
the bee deposited her egg and closed the cell, leaving it with the contents still 
dripping out through the broken floor. Many other experiments with various 
insects have given similar results, showing the animals as capable of performing 
most complicated series of actions, which in ordinary circumstances are efficient 
and then have an intelligent and purposive appearance, but which are performed 
in the regular routine even when some simple change in the circumstances renders 
them wholly useless. One of the solitary wasps digs a burrow, and in little cells open¬ 
ing off the burrow puts a cricket or a grasshopper which it has paralysed by stinging, 
and on this it places its egg. When three or four little cells are thus provisioned 
the hole is filled in and the job is done. Fabre robbed the nest with the wasp 
watching ; it went inside, inspected the rifled cells, and then carefully closed the 
nest with sand exactly as though its grasshoppers and its eggs were still there. 
Another solitary wasp makes a mud nest which she stocks with caterpillars, 
attaching her egg to the middle of the roof. An experimenter removed this portion 
of the roof. The wasp, who could easily have built a new roof, or have deposited 
her egg elsewhere on the wall, after a considerable display of agitation, laid her 
egg in the air at the spot where the middle of the roof ought to have been. 

It seems clear from these experiments and many others like them that, even in 
their most complicated actions, insects are like machines, driven to do certain 
things, often seeming to get satisfaction from their performance, but having no 
knowledge of the function or results of what they do. Further, the behaviour of 
all the individuals of a species is the same, with only trivial variations. Their 
behaviour is as much inherited as their structure. Just as they cannot, by taking 
thought, alter their structure, so they cannot change their behaviour (except, as 
we shall see, in relatively minor details). An insect has been aptly compared to a 
musical box which can only play one tune, but plays it very perfectly. 

In the simple reflexes and taxes discussed in the preceding chapter the factor 
which set the animal going, so to speak, was some external stimulus. Of course, 
there is an internal factor ; the animal would not display its reflexes or its taxes 
if it were not constructed in such and such a way. In instinctive behaviour the 
internal factor gains in importance. When the solitary bee or wasp makes her 
nest, provisions it, and so on, it is an internal drive which starts her off rather than 
any external event. This is particularly well seen in vertebrates. In birds, the 
richness of whose instinctive equipment rivals that of insects, the long and com¬ 
plicated series of events involved in mate-finding, courtship, nesting, and rearing 

the young, depends upon the hormones secreted by the gonads when they become 
active in the spring. 


Once started, cycles of instinctive conduct seems to be maintained in a chain- 
like way, the completion of each operation serving, as it were, as the stimulus 
u u . causes t ^ ie an ^ raa ^ to begin the next. A burrowing solitary wasp had made 
her hole, placed a paralysed caterpillar in it, laid her egg on the caterpillar, and 
tilled up the hole again, all according to the normal routine. As she was finishing 
another paralysed caterpillar was placed nearby. Sight of this new caterpillar set 
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going reflexes which are expressed in burrowing, and she dug open her hole again. 
At the bottom she saw her own caterpillar and egg, and this started the ‘ fill up ’ 
reflex, so she filled the hole, but as soon as she had finished, she saw the second 
caterpillar once more, and once more re-opened her hole, only for the presence 
of her own caterpillar once again to start her filling in ; this time she finished the 
job. The interest of the observation is the manner in which the sight of one job 
done started her at once on that which would normally come next in the series. 

We may now summarise the characteristics of instinctive behaviour. These 
are : (1) it is inherited, and not acquired by experience, learning or intelligence, 
(2) it is similar among all members of a species, apart from differences of sex and 
such variations as are also found in physical structures, (3) it is set going rather by 
a drive from within the animal than as a direct response to an external stimulus, 
(4) it is unintelligent, and maybe accompanied by no appreciation of the function it 
serves in the life of the species, (5) in its mechanism it appears to consist of a chain of 
reflexes, completion of each link in the chain providing the stimulus which sets off 
the next link. 

Instinct is by far the predominant factor in the behaviour of insects but there 
is good reason for believing that even in them a type of behaviour nearer to what 
we would call intelligent is not wholly absent. The insect is not entirely an auto¬ 
maton. A solitary wasp had built a mud nest, stored it with caterpillars, laid her 
egg, and was finally closing it, when an experimenter broke a hole in it and re¬ 
moved all the caterpillars, The wasp first closed the door in the routine manner, 
but then reverted to the hunting and provisioning part of the reflex chain, once 
more stored the nest with caterpillars through the break in the wall, and finally 
closed the hole. It is very difficult to believe that she could have done this if she 
had been merely a machine without some understanding of an immediate purpose, 
namely, to make a mud nest filled with caterpillars, though she can have had no 
idea why this had to be done. 

LEARNING AND INSIGHT 

Avoiding psychological complexities, we may define ‘ learning ’ as profiting 
by experience. Evidently, an organism whose behaviour was in all circumstances 
rigidly inborn and incapable of modification would be incapable of learning. 
There is no animal to which such a description applies. . Even animals so low in 
the scale as Paramecium show some degree of adaptability in their behaviour. In a 
tube of bore too narrow to permit the ‘ kinetic ’ reaction of backing and turning 
(p. 512), Paramecium tries repeatedly to perform the reaction but finally abandons 
the attempt and substitutes a different response in which it turns completely 
round and swims away in the opposite direction. This sort of behaviour forces us 
to admit that Paramecium has several possible methods of reacting to situations and 
that if one reaction fails it can try another ; but we need not suppose the animal, 
finding one procedure unsuccessful, to take thought and consciously to decide 
upon a change. The process is far more probably automatic and unconscious. 
But however automatic and unconscious this sort of learning may be in Paramecium 
the power to vary behaviour according to circumstances is the element out of whicn, 
in animals with elaborate nervous systems, the higher mental functions are built. 

In another kind of learning the animal does not merely run through a repertory 
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of reactions which it already possesses ; on the contrary, a new reaction altogether 
is set up. The marine worm Nereis, a rather remote relative of the earthworm, 
normally moves away from light, but if regularly fed near a light reverses this 
habit, its original negative phototaxis becoming positive. An earthworm in a 
glass tube which forks at one end can learn always to turn in a certain direction if 
it leads to a comfortable nest while the other road leads only to a mild electric 
shock. There is no doubt that animals above the coelenterate level can learn 
‘ lessons ’ of this sort if they are easy enough. 

Such performances as those we have mentioned do not necessarily indicate any 
conscious understanding by the animal of what it is doing. It is shown only that 
the animal can form a new habit, not that the formation of the new habit was a 
process involving any intellectual appreciation of the situation in which the animal 
found itself. To investigate an animal’s ability to achieve conscious understanding 
of a situation experiments of a different kind are required. The animal must be 
confronted with a situation which is new to it, involving a problem which it wants 
to solve (for example, how to reach some food), and the elements of the solution 
must be readily apparent to the animal’s senses. If the animal is capable of the 
necessary insight into the nature of such a situation, it will solve the problem. It 
is among the highest vertebrates that seekers after animal intelligence have been 
most successful. We may first mention an experiment with rats. These animals, 
if put into a maze, very often a model of the famous maze at Hampton Court, 
easily learn their way about it and, after a time, if put into it at one end will go by 
the shortest route to the other, at which they are accustomed to be fed. Fig. 336 
shows a maze in which rats thus learned to run from the start to the food-box ; 
the true path is indicated in the diagram by odd numbers, the even numbers being 
blind alleys. After the rats had learned the maze the piece of wall indicated in the 
diagram was removed ; this made the route a part of the true 

shortest route and no longer a blind alley. As they went along the corridor 1 ic the 
rats noticed that 4 c now opened into 1 ic, and they usually explored the new route for 



From Maier & ScAncirla, • Principle of Animal Psychology \ McGrow MU 

Fio. 336. Description in text. 
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a short distance before continuing to the food-box. It was when they were next 
made to run the maze that they revealed themselves to have an intelligent under¬ 
standing of the new situation ; for they turned from 3 d into 4—4/2—4 b —4 c, so taking 
a new short route which they had never been able to traverse before, and whose ex¬ 
istence they must have inferred from the observation that 4c had come to open into 
nr. A number of experiments have shown that rats are by no means without the 
power of insight into changed situations, but it is among the higher apes and monkeys 
that the sub-human world reaches its peak of rationality. A famous series of 
observations and experiments were made on chimpanzees. The experiments 
mostly conformed to a single pattern : food was put in sight of the animal but in a 
position in which it could be reached only by the intelligent use of implements 
which were available or could easily be made from available materials. For 
example, the food, usually bananas, might be attached to the roof of the cage where 
the apes could not climb to it, but a box would be left nearby ; the apes could get 
the food by pulling the box under the fruit and climbing on it. They solved this 
problem easily enough, and even went further ; when one box was not high 
enough they grasped the possibility of increasing height by using two or even more 
boxes, and would get the fruit by building and climbing rather crazy towers three 
or four boxes high. It is important to realise that the apes were not taught to 
build ; they invented building for themselves. 

In other experiments the food was on the ground outside the bars of a cage ; 
the apes readily discovered that a stick could be thrust between the bars and used 
to pull it in. The problem was made more difficult by providing the chimpanzee 
with a stick which was too short to reach the food but long enough to enable him 
to get a longer stick lying outside the bars ; having used the shorter stick to get the 
longer one, he could use the longer to get the food. Here the animal had to think 
through two intermediate steps to his final triumph, and only the more gifted 
chimpanzees (whose intellectual powers were found to vary greatly in different 
individuals) were successful. 

A very interesting use of sticks was in digging. The apes were in the habit of 
digging for roots with their hands ; they also liked prodding about in the ground 
with a stick. The result was soon the use of sticks in digging for roots, as in 
primitive races of men. Another use of tools with a human interest was the throw¬ 
ing of stones, at which some of the apes became very expert and which they, like 

us, used as a form of attack. , . _ , 

The use of inanimate objects like sticks and stones, as tools, is extremely rare 

among animals ; indeed, almost the only case outside of the apes is probably in at 
least some individuals of one or two species of solitary wasp, which have been seen 
to use a stone as a mallet in flattening the earth over the nest. The apes, however, 
did not only use tools ; they also made them, taking some object already available 
but in the given form not capable of instrumental use, and altering it so that it could 
be used. The solution of a problem by making an implement is a greater mteUec- 
tual achievement than the use of one ready made, for it involves an ^gmafive 
grasp of what the object would be like after alteration. One of the ^ e f t “ t f 
triumphs of the chimpanzee mind was the discovery that, given two pieces _of 
hollow bamboo neither of which was long enough to reach thefru. 
bars a longer stick could be made by pushing the end of one piece into the other 
In a’nother instance the ape had a piece of hollow bamboo and a narrow piece 
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of board, a little too wide to fit into the 
bamboo ; he remedied this by gnawing 
at the board until it fitted. 

It is thus undeniable that apes are 
capable of achieving a rational under 
standing of a simple situation, but there 
is no evidence that thev can entertain 

s 

an abstract idea ; for example, they 
can doubtless distinguish between one 
banana and two bananas, but it is 
extremely unlikely that they can think 
of numbers distinct from numbers of 
things. Apes have shown resemblances 
to men in other things besides their high 
intelligence. Thus, they displayed some¬ 
thing very like a rather primitive sense 
of humour. Fowls used to congregate 
outside the apes’ enclosure ; a chim¬ 
panzee would hold out a piece of bread 
to the fowls and when they tried to take 
it, would suddenly withdraw it, or poke 
the unfortunate bird with a piece of 
sharpened wood. At other times, how¬ 
ever, the apes quietly fed the birds, 
with apparently no humorous or hostile 
intent. 

Chimpanzees have also shown them¬ 
selves capable of co-operative work, as 
when several combined to drag a heavy 
box under some suspended fruit, but not 
of sharing the reward ; for the one to get 
the fruit kept the lot. Sometimes, how¬ 
ever, one animal would give food to 
another, especially if the other happened 
to be a particular friend and the generous 
donor not very hungry. Feelings of sym¬ 
pathy towards sick or maltreated indi¬ 
viduals were frequently manifested, as 
when a little animal, which was ill, fell 
to the ground with a cry and another 
nearby ‘ sprang up, her hair standing 
on end. . . with excitement. She reached 
him . . . her face filled with the utmost 
concern, her lips protruding with sor¬ 
row, and uttering cries of distress ; she 
caught hold of him under the arms, and 
did her best to raise him * (Kohler). 



From Wolfgang Kohler's * Mentality of Apes \ 
Kcgan Paul ^ 


Fl °* 337 * Above, chimpanzee thrusting a 
narrow bamboo into a wider one to make a 
longer stick ; below, building a tower of boxes 
to reach the food at the top of the picture. 










CHAPTER XLVII 


IRREGULAR NUTRITION 

The holophytic nutrition of green plants is described by botanists as ‘ regular ’ 
nutrition. Many plants nourish themselves in other ways. Some obtain organic 
materials from the dead bodies of other organisms or from their non-living 
products, and using these as raw materials and as sources of energy, build their 
own substance from them, somewhat as animals do. They are called saprophytes. 
Others nourish themselves in the same way but at the expense of living organisms 
(called their hosts) to which they make no contribution in return ; from their vic¬ 
tims some of these take only inorganic salts and water, others organic food as well, 
either from the host’s stored food reserves, or from its living substance. These 
plants are parasites. Again, certain plants obtain organic food by trapping and 
killing animals, while yet others (like the unicellular Algae in the endoderm of 
Hydra viridis) live in intimate association with some other organism from which they 
take some component of their nutrition but to which they give something in return. 

These are all examples of * irregular ’ nutrition. Similar modes of nutrition 
are found in animals, but among them the difference between the nutrition of a 
parasite, or of a saprozoic animal (‘ saprozoic ’ is the zoological equivalent of 
‘ saprophyde ’), and any other, is evidently less. A lion eats the living substance 
of a zebra but so do the zebra’s fleas. The absence of any clear nutritional 
distinction between animals which everyone would call parasites (like tapeworms 
or fleas), and others like lions, to which no one would apply the term, makes the 
definition of parasitism difficult. We propose the following : a parasite is an 
organism which resides in or on, or frequently visits, the living body of another 
larger organism (which is called the host), obtaining nourishment at its 
expense, and giving nothing in return. This definition fails to exclude such 
cases as insects residing on a plant and eating it, and which are not usually 
regarded as parasites ; yet if a louse on the human skin is parasidc on 
man, why not a caterpillar on a cabbage? The truth is that ‘ parasite ’, the 
primary dictionary meaning of which is ‘ interested hanger-on ’ or toady , is a 
term carried over into biology from the field of human relationships ; in its 
biological meaning it is incapable of precise definition because the relationship 
meant passes over without sharp limitation into others (like those between lion and 
zebra or between caterpillar and cabbage) to which the term parasite is not usually 
applied. As so often happens when we try to construct biological definitions, we 
find that we are trying to force the facts of Nature into the strait jacket of a rigid 
classification, the sharp boundaries of which do not correspond with similar 
limitations in the real world. 

A saprobiolic organism (the term covers ‘ saprozoic ’ and ‘ saprophytic ) is one 
which lives on the dead bodies of other organisms or their inanimate products. 

The following chapters are devoted to the consideration of organisms obtaining 
nourishment in these various ways. Many of them are of great medical, agricul¬ 
tural or industrial importance. # 
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FUNGI 

The great majority of plants of irregular nutrition are included in two great 
groups, the fungi and the bacteria, all of which lack chlorophyll and (except for 
a few bacteria, p. 533) are heterotrophic (p. 21). Some of them also resemble 
animals in being unable to use simple mineral salts as raw materials of their own 
constituents. They are nevertheless regarded as plants and not as animals be¬ 
cause their structure and life-histories show them to be much more closely related 
to green plants than they are to animals. 

The fungi are a group of plants of exceptional interest because of their great 
importance in maintaining the world in a habitable condition by helping to 
remove the carcases of dead animals and plants, and because of their importance 
as food-stuffs or as producers of food-stuffs (mushrooms, cheese, alcoholic and other 
drinks) and of substances of industrial value. 


MUCOR 

If some bread be moistened and kept for a few days in a damp warm atmos¬ 
phere, it becomes mouldy. The mould consists of various fungi, chiefly Mucor. 
Mucor will also live on a considerable range of other organic substances, especially 
jam. 

The mould consists of very thin, colourless, branching threads called hyphae, 
and all the hyphae of a single fungus plant constitute its mycelium. The only fungi 
which are not similarly made up of hyphae are the unicellular yeasts ; even such 
massive structures as mushrooms and toadstools really consist of densely felted 
hyphae growing from a more diffuse mycelium in the soil. 

The hyphae of Mucor have a cell-wall of a substance resembling chitin within 
which is the protoplasm of the fungus. The protoplasm is not divided into cells, 
but is continuous throughout the mycelium, and many nuclei are scattered 
through it. Because this multinucleate structure is acquired by division of the 
nuclei while the cytoplasm remains undivided, it is said to be coenocylic. All the 
fungi belonging to the same large group as Mucor are coenocytic and so, too, are a 
number of algae. The Mucor mycelium, growing over the bread, produces 
enzymes which digest it and the products of the digestion are then absorbed by 
the fungus. Since bread is a non-living organic material Mucor is a saprophyte. 

After growing for several days Mucor begins reproducing asexually. Numbers 
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of hyphae grow vertically upwards from the substrate and a spherical swelling is 
formed at the top of each of these aerial hyphae. The swelling, which is a sporangium 
contains cytoplasm and a number of nuclei. These are isolated from the remainder 
of the hypha by a cell-wall which bulges up into the sporangium and which is 
called the columella. The nuclei in the sporangium divide repeatedly, and the 
cytoplasm arranges itself around little groups of several (usually three or four) 
nuclei. Each of the little bodies so formed acquires a cell-wall and is now a spore. 
The spores are transparent when seen individually but in mass appear black. 

In moist conditions the columella swells, bulging more strongly into the 
sporangium, which bursts, liberating the spores. These, being extremely small 
and light, are carried through the air by the lightest draught. Any spore which 
falls on a suitable medium, like a bit of damp bread, germinates. A hypha 
emerges from it and grows rapidly, branching to form a new mycelium from which 
spores will in due time be produced. The ubiquity of the spores of Mucor in the 
air is shown by the almost unfailing growth of mould on damp bread in a muggy 
atmosphere. 

In unfavourable circumstances another mode of asexual reproduction may 
occur, especially if there is a shortage of water. The protoplasm within the 
ordinary hyphae rounds up to form chlamydospores. These have very thick walls 
and are more resistant to desiccation and other unfavourable conditions than the 
ordinary spores. The ordinary spores provide for the rapid distribution of the 



Fig. 339. Mucor. Left below, mycelium with sporangia ; left above, sporangia (after 
Brimble) ; right above, conjugation ; right below, zygospore and its germinaUon (after 
Brefeld). 
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fungus when conditions are favourable, while the chlamydospores enable the 
fungus to survive unfavourable times. 

Mucor also displays a sexual process. Two hyphae deep in the mycelium 
approach one another, end-to-end, and meet. The two ends are swollen and con¬ 
tain a quantity of cytoplasm in which are a number of nuclei. Soon, the apex of 
each hypha is cut off by a transverse wall ; the isolated distal end of each hypha is 
then called a gametangium. Next, the end-walls of the two gametangia, by which 
their contents have hitherto been kept apart, disappear, and the two protoplasmic 
masses mix. The nuclei fuse in pairs, one of each pair being derived from one of the 
two gametangia and the other from the other gametangium. Meanwhile, the 
single chamber formed by the disappearance of the wall between the gametangia 
has become swollen and globular and its wall soon becomes very thick, black, and 
covered with rounded knobs. This structure is the zygospore. When the zygo¬ 
spore germinates, it at once produces an aerial hypha called the pro-mycelial hypha 
upon which is formed a sporangium. Spores liberated from this produce new 
mycelia. The pro-mycelial hypha dies after spore-formation. 

There are a number of different species of Mucor , and in some, any two hyphae 
may form gametangia and perform the sexual process, even though both hyphae 
are parts of the same mycelium. 1 In certain other species, however, although all 
mycelia are morphologically alike, they are in reality of two kinds called 4 plus ’ 
and 4 minus ’ strains. The sexual process can occur between two hyphae one of 
which is part of a 4 plus ’ mycelium and the other part of a 4 minus ’ mycelium, 
but not between two of the plus or two of the minus strain. This is known as 
heterothallism and is evidently suggestive of a rudimentary differentiation of sexes, 
but without any apparent distinction between male and female. 

PYTHIUM DE BARYANUM 

Pythium is a parasite, for it lives in and obtains its food at the expense of living 
plants. It causes the disease of seedlings called 4 damping off’, in which the 
seedlings, especially if sown too thickly and kept damp and warm, bend over as 
though wilted, and finally rot. Many kinds of seedlings are liable to the disease. 

Sections through the stem of an infected seedling shows its tissues to be riddled 
with colourless threads each with a cell-wall and containing granular cytoplasm 
with many nuclei. These are the hyphae of the fungus. They are found in the 
spaces between the cells of the seedling and also penetrating into the cells them¬ 
selves, destroying the cell walls and killing the protoplasm. After the death of the 
host the fungus goes on living in its decaying tissues, as a saprophyte (p. 520). 

1 One mycelium may be taken as the whole mass of hyphae produced from a single spore. 
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Fig. 341. Pylhium de Baryanwn. A, hyphae penetrating the cells of the host, and an 
aerial hypha producing sporangia and zoospores ; B, a zoospore ; C, fertilisation ; D, the 
zygote and its germination. 


In asexual reproduction, aerial hyphae of the fungus emerge lrom the stem of 
the host, and swell out at their ends, forming sporangia. These are filled with 
cytoplasm with many nuclei ; each is cut off from the hypha bearing it by a trans¬ 
verse wall. Sporangia may also be borne on lateral branches of the aerial hypha. 
The further history of the sporangium depends on the conditions. (1) It may be 
broken off from the hypha and distributed by the wind as a single spore, which, if 
it falls on a suitable surface, will germinate, forming a fresh mycelium, which will 
infect another seedling. (2) If the seedling is growing in water or in very wet 
conditions the sporangium puts out a beak-like projection which swells to form a 
small vesicle. Meanwhile the contents of the sporangium divide into a num¬ 
ber of protoplasmic units which pass into the vesicle, where each develops a pair 
of flagella. The vesicle ruptures, and the little flagellate bodies, now called zoo¬ 
spores, because their mobility makes them resemble little animals, swim out into 
the water. They are very tiny so that a mere surface film of water is enough for 
them to swim in. If they arrive on a suitable seedling they infect it by germinating 
to form a hypha which grows into the seedling’s tissues. _ 

Sexual reproduction occurs after the death of the infected seedling. The sexual 
organs are developed within the tissues of the host, and are of two kinds, anlhendia 
and oogonia. Both may be borne by the same mycelium or even by the same hypha. 
The antheridia may fertilise oogonia on the same mycelium, there being no 
differentiation into plus and minus strains. The oogonium is formed from the 
swollen tip of a hypha whose contents are isolated from the rest of the hypha by a 
transverse wall. At first it contains a number of nuclei but all except one dis¬ 
appear. This nucleus, with the cytoplasm, is the ovum. The anthendium is 
similarly formed from the tip of a hypha, and its contents are likewise isolated from 
the rest of the hypha by a transverse wall. It is a club-shaped structure which 
comes into contact with the oogonium. The antheridial and oogonial walls dis- 
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solve where they touch and a single nucleus, the male gamete, passes from the 
antheridium into the oogonium with whose nucleus it fuses, forming the zygote. 
Finally, a thick wall develops round the fertilised oogonium and the whole struc¬ 
ture is now an oospore. The oospore contains oil globules as a reserve food supply, 
and is resistant to adverse circumstances. Should it find itself in circumstances 
favourable to germination any of three things may happen : (a) the wall of the 
oospore bursts and the contents emerge as a hypha which will infect a seedling ; 
(b) the first hypha may be a pro-mycelial hypha which, like the corresponding 
structure in Alucor, at once forms a sporangium ; (c) the oospore may prdouce no 
hyphae but may divide to form zoospores like those formed by the asexually pro¬ 
duced sporangium. 


PERONOSPORA 

Peronospora is a genus containing a number of species, which are parasitic on 
different hosts, and whereas the single species Pythium de Baryanum can live upon 
any of a number of different species of seedling, the various species of Peronospora 
show a considerable degree of specificity , each attacking only one species of host 
plant, or a small group of closely related species. Among the plants attacked by 
various species of Peronospora are shepherd’s purse, beet, maize, the tobacco plant, 
turnips, cabbage and cauliflower. 

The coenocytic hyphae ramify between the cells of the host plant, giving off 
short lateral branches called haustoria (sing, hauslorium), which enter the cells of 
the host and absorb nutritive materials from them. Hyphae also appear on the 
surface of the infected plant as a soft white down. 

In asexual reproduction hyphae called conidiophores , in which there may be a 
few transverse walls, grow out through the stomata of the host and branch 
repeatedly. A single nucleus passes to the end of each branch and enters a small 
rounded vesicle. This is a spore. Sooner or later it falls off the conidiophore 
and, if it alights on a leaf of a suitable plant, germinates, producing a hypha which 
grows into the host through one of the stomata, and starts a new mycelium. 

•11 Pe ' on ° s P ora can live onl y on a living host ; hence when its depredations finally 
kill the host, the Peronospora dies too. When conditions are becoming unfavour¬ 
able because much of the tissue of the host is already dead, Peronospora reproduces 
sexually, and the process resembles that seen in Pythium with only minor differences. 

he oospore is very resistant and, if the host is an annual plant, it waits until the 
following spring before germinating when it forms a hypha which infects a new 
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After Massie, from Godwin , ' Plant Biology \ Cambridge University Press 


Fig. 343. Peronospora. A , a conidiophore with spores ; a hypha growing between the 

cells of the host and sending haustoria into them. 


PUCCINI A GRAM INIS 

This plant is the cause of ‘ black rust a very serious disease of wheat and other 
cereals and of grasses. Black rust does not usually kill the host plant but greatly 
lessens the production of grain. In 1935, in the United States alone, the depreda¬ 
tions of this pest caused the loss of 277, 185, and 53 millions of bushels of wheat, 
oats and barley respectively. It is of world-wide distribution. 

The mycelium of the fungus lives in the tissues of the stem and leaves, on which 
there appear orange-coloured streaks. At these streaks it liberates into the air 
thick-walled spores called summer spores, of which one is borne at the end of each of 
a great many projecting hyphae. The summer spores, carried by the wind on to 
neighbouring plants, infect them, and thus the parasite is very rapidly dissemin¬ 
ated through the fields. In autumn the orange streaks turn black, a change caused 
by the production of winter spores , each of which consists of two cells. The winter 
spores pass the winter unchanged, either lying in the soil or still in the straw. In 
spring each of the two cells produces a tiny mycelium of four ceUs, and from each 
of these cells is developed one spore, called a basidiospore. The eight basidiospores 
thus produced by each winter spore, if carried by the wind to a wild barberry 
plant (Berberis vulgaris ) gives rise to a mycelium which lives parasitically in its 
tissues. From this mycelium are formed little cup-like structures on the lower 
surfaces of the leaves, and from within these cups are liberated enormous numbers 
of yet another kind of spore, aecidiospores. These, if they fall on the right kind ol 
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cereal plant, give rise to the black-rust fungus within it. The black-rust fungus 
thus requires two hosts to complete its life-history, much as the tape-worm does 
Although infecting various cereals and grasses, the black rust exhibits a high 
degree of specialisation in adaptation to its hosts, for the single species Puccinia 
graminis is divided into some 150 different races, all of which are structurally almost 
indistinguishable but physiologically different, for each race is able to infect only 
some one particular kind of grass or cereal ; thus the race which attacks wheat 
cannot infect oats, and vice versa. Such specialisation, accompanied by little or 
no morphological differentiation, is not uncommon among both plant and animal 
parasites. 


THE YEAST PLANT 

The yeast plant (Saccharomyces cerevisiae) differs from the fungi described above 
in being unicellular. It is a small oval cell with a nucleus. The cell wall is of 
cellulose. The granular cytoplasm contains a large vacuole and to one side of this 
lies the nucleus. The cytoplasm contains reserve food materials in the form of 
glycogen and oils. 

Yeasts are found in a great variety of situations, wherever there is liquid organic 
material, in the soil, on the surfaces of fruit, and elsewhere. Nearly all yeasts are 
saprophytes, only a very few being parasitic. Some of the parasites cause disease 
in man. 

There are two modes of asexual reproduction. In favourable conditions, 
when rapid multiplication is possible, the yeast forms buds. A small protuberance 

appears on the side of the cell, enlarges, and sep¬ 
arates from the parent cell ; in the meantime the 
nucleus and cytoplasm have divided. When 
multiplication is very rapid the daughter cells 
may for a time remain attached to one another, 
as short filaments which may be branched. Under 
very unfavourable conditions the yeast may repro¬ 
duce by spore formation. The nucleus divides 
twice and each of the four daughter nuclei assoc¬ 
iates with itself a little mass of cytoplasm so that 
four little cells are formed within the cell wall of the 
mother yeast cell. Each of the four then develops 
a thick and resistant coat and is now a spore. The 
spores are extremely small, very resistant, and 
can be distributed by the wind. When the spore 
germinates, it produces new yeast cells by budding. 
In a few yeasts fusion of cells occurs in pairs, 
followed by fusion of their nuclei, evidendy a 
sexual process. 

Yeast is chiefly interesting for its metabolism. 
In the presence of oxygen, it respires aerobically 
by the oxidation of glucose, 

C 6 H 12 O e + 60 2 -* 6 C 0 2 + 6 H 2 0 + 674 calories 
but it can survive in the absence of oxygen, and 
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Fig. 345. Yeast. A, a yeast cell; 
B, a branched filament made by 
budding; C, spore formation (after 
Curtis). 
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then obtains energy anaerobically by breaking down glucose to ethyl alcohol and 
carbon dioxide. 

C 6 H 12 0 6 ->2C 2 H s 0H + 2C0 2 + 22 calories. 

Both these equations really represent the beginning and end of a complicated series 
of reactions, and each series is brought about by the action of enzymes. The 
enzymes which control the breakdown of glucose to alcohol and carbon dioxide 
are often collectively called zymase. Each of these processes is one of respiration, for 
in each a substance of high energy content is broken down to form substances of 
lower total energy content, the energy liberated being in part available for the use 
of the organism. Anaerobic respiration is often called fermentation. 

Anaerobic respiration is less efficient than aerobic because the breakdown of the 
glucose (or whatever substance is ‘ respired ’) is never as complete as in aerobic 
respiration, and the amount of energy liberated is less. Presumably for this 
reason, yeast, although it can survive in the absence of oxygen, cannot multiply. 

It is well known that yeast is used in bre\ving and wine-making, when its 
powers of anaerobic respiration are used in the production of alcohol. In bread¬ 
making, its function is to produce carbon dioxide, which makes the bread * rise ’. 

Yeast produces glycerol as a by-product of fermentation, and its use for this 
purpose in 1914-18 is said to have enabled Germany to continue the war for a 
year longer than would otherwise have been possible. 

FUNGI PARASITIC IN MAN 

A large number of fungi may live in the human body and some cause serious 
disease. Among the commonest of the fungal diseases is ringworm, the different 
forms of which are caused by a variety of species of fungus. In thrush a fungus 
grows in the buccal cavity, pharynx, larynx or oesophagus ; it may destroy 
the epithelial covering and attack the connective tissue below. 

One of the yeasts, Torulopsis ( Torula ) histolytica causes a fatal form of meningitis. 
Actinomyces israeli (bouis) is a fungus growing as a branching filamentous mycelium 
and causing very extensive injury to the tissues it inhabits, often with fatal results. 
The condidon is known as actinomycosis. Infections usually start in the gums and the 
fungus may destroy the jaw and spread down the neck. In other cases the trouble 
begins in the thorax, probably in a bronchus or in a lung, and the fungus then 
grows through the neighbouring tissues, destroying them as it goes, till it breaks 
through the skin or reaches the heart. A similar organism is Madurella mycetomi. 
Getdng into a foot through a cut or abrasion it causes a swelling with much 
destruedon of tissue, including the bones. 


RELATIONSHIPS OF THE FUNGI 

The filamentous structure of fungi and their mode of reproduction, particularly 
the formation of motile zoospores in the more primitive species, suggests that the 
fungi are descended from algae which have taken to the saprophytic or parasitic 
life and lost their chlorophyll. 
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BACTERIA AND VIRUSES 

BACTERIA 

The Bacteria are of obvious interest because of the importance of some of their 
number in causing disease, but also because of the important part they play in 
removing the remains of dead animals and plants, and other organic material, 
and especially in returning to the soil the nitrogen which organisms abstract 
from it, so making possible the continued existence of life on the earth. 

Form and structure 

Bacteria are the smallest things definitely known to be living organisms and in 
structure they are among the simplest. Their size varies considerably. The larger 
rod-shaped forms are not more than one hundredth of a millimetre long, while 
those of spherical form average one thousandth of a millimetre in diameter. 
Fig- 348 shows several bacteria drawn to the same scale as a human red blood 
corpuscle, while the line at the bottom of the figure indicates the thickness of a 
fine human hair. 

There is reason for believing that, at any rate in some of the larger rod-shaped 
forms, each rod really consists of several cells separated from one another by 
transverse cell walls ; in other words each such rod is really a short filament con¬ 
sisting of two (or more) cells, each of which is about to divide again. The forma¬ 
tion of longer filaments is usually prevented by the transverse walls splitting, 
breaking the filament. 

The bacterial cell consists of protoplasm and of a cell wall. The protoplasm 
was for long thought to show no differentiation into nucleus and cytoplasm but 
new methods of study leave no doubt that each cell does in fact contain a chromo- 
some-like body consisting of a substance resembling chromatin and dividing when 
the cell divides. This structure must be regarded as the nucleus, or at any rate as 
the bacterial structure most closely corresponding with the nucleus of higher 
forms. 

As in the other cells, the peripheral protoplasm is differentiated as a cell 
membrane which consists of, or is very rich in, fat-like substances called lipoids. 
External to this is the cell wall, a more rigid structure to which the bacterium owes 
its form. It consists of a complex carbohydrate about which little is known but 
which is customarily called hemi-cellulose. As in the cell walls of many higher 
plants this is often impregnated with other substances which may be nitrogenous. 
In many bacteria the outer layers of the cell wall are modified as a slime layer, 
which may resemble gum and slowly diffuse away, but is often more solid, forming 
a capsule around the organism. Capsules are found especially in pathogenic 
bacteria ; they seem to have a protective function and they appear especially 
when conditions are unfavourable to the organism. Capsule formation is often 
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accompanied by increased virulence 
of pathogens and by a heightened 
resistance to anti-bodies {p. 539) and 
to phagocytosis. 

Bacillus subtilis 

Water in which some hay has 
been steeped for a few days will be 
found to be swarming with tiny rod¬ 
like bodies each equipped with a 
number of flagella ; they swim act¬ 
ively. These are specimens of B. 
subtilis. The bacillus multiplies by 
simple division, and does so with 
such speed that a single individual 
could theoretically give rise to 
280,000,000,000,000 individuals in 
twenty-four hours. The flagellate 
specimens described swim freely in 
the water but some individuals rise 



Fic. 346. Bacillus subtilis ( x 1500, except the 
zoogloea, which is x 250) (after Fischer, from 
Strasburgcr). 


to the surface and lose their flagella, becoming non-motile. They continue 
dividing and form chains or filaments of individuals encased in a thick capsule 
formed from the swollen cell wall. A thin membrane consisting of bacteria thus 
forms on the surface of the water and is known as a bacterial scum or zoogloea. 

When conditions in the water become 



F10.347. Two bacilli. A, Mycoides, the rod 
u across ; B, Megatherium, with spores 
{x 230) (from photographs by Dr. C. F. 
Robinow). 


unfavourable to the bacteria each forms 
a spore of the kind called an endospore. 
The protoplasm becomes rounded and 
condensed in the centre of the cell and 
around it is formed a wall. Spore form¬ 
ation is not a multiplicative process because 
each bacterium forms only one spore, so 
that the number of individuals is not 
increased ; but it is an effective means of 
surviving adverse conditions and of en¬ 
suring distribution, for the tiny spores are 
easily distributed through the air. 

Classification 

The principal forms in which bacteria 
are found may be listed as follows : 

(i) Cocci or micrococci. Roughly spheri¬ 
cal organisms and generally about i/x in 
diameter, (a) Diplococci ; the cocci are 
found attached to one another in pairs, 
the organism of pneumonia is an example. 
(6) Streptococci consist of chains of 
cocci, some of these are responsible for 
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‘ blood-poisoning ( c ) Staphylo¬ 
cocci, cocci arranged in clusters, 
found in boils; 

(2) Spirilla ; bacteria having 
a spiral form, like a cork¬ 
screw. 

(3) Vibrio ; like Spirilla, but 
consisting of only one turn of a 
spiral. The vibrio of cholera is 
an example. 

(4) Bacillus ; rod-shaped 
organisms like the organism of 
anthrax and typhoid ; B. subtilis 
is a rather short bacillus. The 
rod-shaped bacteria are about 
ip. in diameter and 2 to iop 
long. 

Motility 

Bacteria exhibit two kinds of movement, one active, the other passive. Active 
movement, which occurs only in some of the rod-shaped and spiral forms, is usually 
performed by means of flagella, as in Bacillus subtilis. In a few there is a single 
flagellum at one end of the cell, which then resembles a tiny spermatozoon, but more 
commonly there are several or many and they maybe in clumps at either end of the 
bacterium or on opposite sides or distributed evenly around it. The spiral forms 
may be without flagella, moving by a corkscrew-like motion of the whole cell body, 
or they may be flagellate, as in Spirillum, in which the spiral body is rigid and each 
end bears one or more flagella, and probably in Treponema pallida (the organism 
of Syphilis). The passive type of movement is known as Brownian movement and 
is shown by any sufficiently small body suspended in a fluid. It is an irregular 
dancing caused by the impact of changing and unequal numbers of molecules of 
the liquid on different surfaces of the suspended body. 

Reproduction and the life-cycle 

All bacteria reproduce by simple division ; no sexual process occurs. Spores, 
which are always endospores as in Bacillus subtilis, are, with a few exceptions, 
developed only in the rod-shaped forms. They are often very highly resistant 
and may remain alive, ready to germinate, for 
months or years. Some spores can resist the 
action of powerful disinfectants and may survive 
boiling for an hour and dry heat even longer, 
as in those of tetanus. Such spores are the 
most resistant forms of life known. Their powers 
of resistance are not due to the thickness 
of the wall for the very small size of the 

spores precludes any great thickness and is Flo< ^ A flagellate bacterium, 
therefore presumably a property ot the contained chromatium okenii (from a photo- 
protoplasm. graph by Dr. C. F. Robinow). 




From Fritsch & Salisbury, * Plant Form & Function Bell 
(a-h after Muir & Ritchie, k-1 after Engler & Prantle ) 


Fig. 348. Various Bacteria, a, Staphylococcus aureus ; 
by Streptococcus pyogenes ; c y Pneumococcus ; d. Bacillus 
anthracis ; e y B. typhosus ; f y B. tetani ; g 9 Microspora 
comma ; h y Spirillum of relapsing fever ; k 9 Spirillum 
rubrum ; /, Pseudomonas sp. ; j y a red blood corpuscle ; 
the length of the line below indicates the thickness of 
a human hair (all are magnified about 1000 times). 



BACTERIA AND VIRUSES 


533 


Distribution 

The vast majority of bacteria are saprophytic, living in decaying organic 
material wherever it is found and therefore chiefly in the soil but also in a multi¬ 
tude of other situations, as in the sea, lakes, ponds, rivers, on the surfaces of 
animals and plants and in organic liquids like milk. Many live harmlessly in the 
alimentary canals and in other parts of animals and in plants, either as parasites 
the depredations of which are so trivial as to be without importance or as sapro¬ 
phytes in faeces and other unwanted materials. 

Comparatively, very few cause disease (that is, are pathogenic ), and some are of 
the greatest value in the economy either of the world as a whole or of various kinds 
of animals and plants (like the cellulose-splitting bacteria in the caecum of 
herbivores, p. 496). 

Some bacteria have great industrial value. A few, mentioned below, are 
neither saprophytic nor parasitic but like green plants are autotrophic, although 
lacking chlorophyll. 

Some bacteria liberate so much heat in respiration as to raise the temperature 
of hay stacks and dung heaps to as much as 70° C., while others live in hot springs ; 
most, however, are killed by temperatures above 55 0 C. A few, and especially 
some of the putrefying forms, produce light, causing rotten fish, meat or wood to 
shine in the dark. 

Nutrition and Respiration 

The great majority of bacteria, like fungi and animals, are heterotrophic, 
obtaining energy by the breakdown (respiration) of carbohydrates or other organic 
substances which they are unable to synthesise for themselves. 

A minority however, resemble green plants in possessing the power of assimil¬ 
ating carbon from carbon dioxide, building it into organic molecules, and are able 
to do this without requiring to use the energy of organic substances synthesised by 
other organisms (as animals, fungi and most bacteria use the energy of carbo¬ 
hydrates synthesised by green plants). These bacteria are therefore autotrophic. 

Many autotrophic bacteria are described as chemosynthetic because the energy 
by which they build the carbon of carbon dioxide into organic molecules is ob¬ 
tained by the oxidation of inorganic substances, a chemical process of which other 
organisms are incapable, and which is evidently a form of respiration. Light is 
not involved. Included among these are the important and almost universally 
present soil bacteria Nitrosomonas and Nitrobacter , which are mentioned below in 
connection with the nitrogen cycle. They oxidise ammonium carbonate to nitrous 
and nitric acids respectively. Other chemosynthetic bacteria oxidise hydrogen to 
water (Hydrogenomonas ), methane to carbon dioxide and water ( Melhanomonas ), and 
carbon monoxide to carbon dioxide (Carboxydomonas). The iron bacteria liberate 
energy by oxidising ferrous compounds to ferric ; the latter then form ferric hydrate 
which colours the masses of bacteria as slimy rusty red patches in the water. It 
is believed that a large part of the world’s deposits of iron were formed in this way. 
As stated above, aU these organisms utilise the energy liberated in these oxidation^ 
in the synthesis of organic compounds, using carbon dioxide as a raw material. 

A minority of autotrophic bacteria are photosynthetic , obtaining the energy for 
carbon assimilation from fight rays which are absorbed by purple or green 
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pigments related to the chlorophyll of green plants. The hydrogen which, with the 
assimilated carbon, is built into organic molecules is obtained in different forms 
from water (as in green plants), from molecular hydrogen free in the water in 
which the bacteria live, from hydrogen sulphide or other oxidisable sulphur com¬ 
pounds (especially in bacteria inhabiting water rich in sulphur), or from other 
sources. 

In most bacteria, as in other organisms, molecular oxygen is necessary for 
respiration ; they are said to be aerobic. A considerable number, however, are 
anaerobic, living and multiplying even when molecular oxygen is absent. Some 
of these, called obligate anaerobes , are killed by the presence of more than extremely 
small quantities of molecular oxygen or can survive its presence only as spores, 
while others live and grow whether oxygen is present or not (facultative anaerobes). 
Many bacteria living in the intestine, including the cellulose-splitting forms in the 
caeca of herbivorous mammals are anaerobic ; the intestine contains only very 
small quantities of oyxgen. 

Bacteria in world economy 

It is in their relation to disease that bacteria are best known to the medical 
profession and to the public ; but, great as is the importance of pathogenic forms as 
enemies of man, it pales into insignificance beside the part many bacteria play in 
making possible the continued existence of green plants and therefore of animals. 

Living organisms have existed for at least a thousand million years and on land 
for about three hundred millions. Every organism includes in itself a variety of 
elements which plants take from the soil and animals take from plants. If the 
corpses and wastes of organisms remainded unchanged after death, not only would 
they long since have so cluttered up the earth as to leave room for nothing else, 
but the soil would have been deprived of many minerals essential for life. It is in 
returning these substances to the soil that the bacteria attain their great impor¬ 
tance for they (with the fungi) bring about the decomposition of organic materials, 
breaking dow’n their complex chemical substances into simpler ones which then 
go back to the soil and to the air. 

Thus every element entering into the formation of organisms moves in a cycle, 
entering into them from the inorganic world, to which ultimately it returns again. 
In many cases the organic part of the cycle necessarily begins in a green plant ; 
there is, for example, no other way in which carbon and nitrogen can be assimil¬ 
ated as parts of organic substances (autotrophic bacteria excepted), while some 
oxygen and hydrogen may pass straight into animals whenever they drink and 
absorb water. Carbon enters the green plant as carbon dioxide and is built into 
glucose, and other complex substances in plants and animals, but eventually goes 
back to the air once more as the carbon dioxide produced in the respiration of 
animals, plants, or of the bacteria which destroy their remains. 

The nitrogen cycle is of special interest. Animals can make no use of elemen¬ 
tary nitrogen, or of simple nitrogen compounds like nitrates, but require their 
nitrogen already built up into such complex molecules as amino-acids ; these they 
obtain by eating plants. Green plants, like animals, are unable to use the ele¬ 
mentary nitrogen of the air but they are also unable to use such complex nitrogen 
compounds as amino-acids ; they can use nitrogen only in the form of simple 
inorganic salts from the soil, nitrates and nitrites. 
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The presence in the soil of a supply of these salts sufficient for the needs of green 
plants, and through them of all other plants and of animals, is ensured (a) by the 
numerous bacteria of decomposition in the soil, which break down the protein 
and other nitrogen-containing remains of dead animals and plants, ultimately to 
ammonia, which then forms ammonium carbonate in the soil, and ( b ) by the two 
bacteria Nitrosomonas and Nitrobacter. The first of these oxidises ammonium car¬ 
bonate to nitrous acid (liberating energy) : 

(NH 4 ) 2 C 0 3 +30 2 ->-2HN0 2 + CO z + 3H 2 0 + energy. 

The nitrous acid combines with bases in the soil forming such nitrites as that of 
potassium (KN 0 2 ). Nitrobacter oxidises nitrites to nitrates, again liberating 
energy : 

2K.NO, + 0 2 ->2KN0 3 + energy. 

Neither Nilrosomonas nor Nitrobacter add to the total quantity of combined nitro¬ 
gen in the soil; they merely convert nitrogen from the unavailable form of 
ammonium salts into forms in which green plants can use it. The process is called 
nitrification. 

Nitrification must be clearly distinguished from nitrogen fixation. All soils con¬ 
tain the bacteria Azotobacter and Clostridium. These organisms take nitrogen from 
the air between the particles of soil and combine it with other substances, so 
synthesising organic nitrogenous compounds and eventually the proteins of their 
own protoplasm. This ‘ fixation ’ of nitrogen is an endothermic process, and the 



A from Kttble, ' Life of Plants \ Clarendon Press 
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energy required to drive it is provided by the oxidation of sugars, whose presence 
in the soil is necessary. In due time the bacteria die and their organic compounds 
are decomposed by the bacteria of decomposition, which thus produce from them 
the ammonia which the nitrifiers will convert into the nitrites and nitrates needed 
by green plants. In nitrogen fixation, evidently, there is a real increase in the 
total amount of nitrogen in the soil available to green plants, and therefore, 
ultimately, to animals. 

Another nitrogen-fixing bacterium is Rhizobium ( Bacillus ) radicicola. It has 
been known at least since the fourth century b.c., that soil upon which repeated 
crops of cereals are grown becomes impoverished, but can be enriched again by 
growing on it a crop of some plant of the family Leguminosae, for example clover or 
beans. The practice of alternating cereal with leguminous crops is known as the 
rotation of crops. The impoverishment is easily understood. In the wild state, the 
cereal (or other plant) takes a variety of materials, including nitrates and nitrites, 
from the soil, elaborates proteins etc., dies, and in its decay, returns the nitrogen 
to the soil, but in agriculture the whole aerial part of the plant is removed by the 
farmer, and all the nitrogen contained in it is lost to the soil. The reason why a 
crop of leguminous plants should enrich the soil is less obvious. Leguminous plants 
bear on their roots small nodules each of which is a thickening or tumor of the wide 
cortex of the root. The cells of these nodules are packed with Rhizobium radicicola. 
If a young leguminous seedling with roots still bearing no nodules, is grown experi¬ 
mentally in a soil or in a solution which contains as suitable salts all the necessary 
elements except nitrogen, and if the soil or solution is sterilised so that the bacteria 
in it are killed, the plant dies ; but if living Rh. radicicola be added the nodules soon 
appear and the plant flourishes. The death of the plant in the absence of the 
bacterium is due to starvation of nitrogen, while it survives in the presence of the 
bacterium because this is a nitrogen-fixing organism. A part of the nitrogen 
compounds manufactured by the bacteria are in some way transferred to the 
cortical cells of the root and thence to the rest of the plant, possibly by digestion of 
some of the bacteria or through their excretion of nitrogenous compounds. Thus 
leguminous plants contain more nitrogen than they get from the soil salts and the 
additional quantity, obtained from the air by Rhizobium, is so considerable that, 
even if the aerial parts of a leguminous crop are cut down and removed, the soil is 
enriched by the nitrogenous substances contained in the decaying roots or which 
diffuses from the roots into the soil. 

Rhizobium lives in the soil where it usually has the form of a coccus which may 
develop flagella. The cocci penetrate into the root hairs of leguminous plants, 
multiply, and spread along the hair into the cortical cells, now taking a rod-like 
bacillus form. Their presence sets the cortical cells dividing, the nodule being 
formed as a result ; within its cells the bacteria again change their forms, becoming 

T or Y shaped. . c . 

Many bacteria, under certain circumstances, oppose both nitrogen-fixation 

and nitrification, for they break down nitrates successively into nitrites, ammonia, 
and even elementary nitrogen, a process called de-nitrification. The oxygen liber¬ 
ated from the nitrites and nitrates is used for the,respiration of the bacteria. 
De-nitrification only occurs in soils which are poor in oxygen and is therefore 
prevented if the soil is well aerated by ploughing or digging, and well drained, 
also occurs in heavily-manured soils because the bacteria concerned are putrefying 
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Fig. 351. A diagram of the nitrogen-cycle. 


forms found in faeces. It is therefore uneconomic to use natural and artificial nitrate 
manures simultaneously ; the de-nitrifying bacteria tend to destroy the nitrates. 

The principal events in the nitrogen cycle are summarised in Fig. 351. 

Variation in bacteria 

Bacteria are remarkable for the ease with which their physiological habits and 
even their morphological characters may change, making their classification 
difficult. We have already seen how Bacillus subtilis, when swimming freely in 
water, differs from the same organism in the bacterial scum, and how Rhizobium 
radicicola changes from a coccus to a bacillus form, and then to the T- or ^-shaped 
form. In other cases, too, bacteria which usually grow as cocci may transform 
themselves into rods, or vice versa, and back again, while motile forms may lose 
their flagella and recover them. Spore-forming organisms may lose the power to 
form spores, and then do not easily recover it. Bacteria which normally form 
capsules may lose the power to do so. Virulent races may lose much of 
their virulence in culture, while less virulent ones may become more so after living 
in the bodies of animals. Like other organisms, all bacteria possess a variety of 
enzymes by which they carry on their metabolism, and these too may vary like the 
other characters mentioned. 

Pathogenic bacteria, disease and resistance 

Bacteria and other parasites which cause disease in man, animals or plants are 
said to be pathogenic. 

Bacteria may enter the body through any of the natural orifices or through 
woun , however small. In the infectious diseases the organisms are transmitted 
irom man to man, for example in droplets of liquid thrown out in coughing, or in 
laeces, or by more direct contact as in kissing, or less direedy by contact with 
objects previously contaminated by an infected person. 

2M 
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People called ‘ carriers ’ are especially important in the dissemination of cer¬ 
tain diseases. True carriers contain the bacteria of a disease while themselves 
remaining healthy, and may therefore be a source of danger to others. 

We have seen that one of the most important agents in the dissemination of 
disease is the common house-fly (Musca domeslica). 

The different kinds of pathogenic bacteria vary in their power to survive con¬ 
ditions outside the body ; some can exist and multiply freely as saprophytes in 
decaying organic material and others can survive for long periods in dust ; this is 
especially true of bacterial spores. Others, on the other hand, cannot survive 
outside the body for more than a few moments ; these include the organism of 
syphilis. 

While much is known about the changes produced in the body by bacterial 
infections, the way in which these changes are produced is less understood. A 
rather small number of bacteria, while living and growing in the body, liberate 
soluble poisonous substances called toxins which are carried away in the blood and 
lymph. In such cases the whole body may be affected though the organisms may 
be strictly confined to a limited region. An example is the bacillus of diphtheria 
which is usually confined to the throat where its immediate pathological action 
is usually of little consequence, but which produces a toxin causing death in about 
80 per cent of untreated cases. 

In most pathogens of man, however, no toxin is known to be produced by the 
living organisms, and it is then supposed that they are formed within the bacterial 
cells and are only liberated at the death of these. They are called endotoxins to 
distinguish them from the better known exotoxins produced by such forms as 
diphtheria bacilli. Most of the bacteria producing endotoxins and some of those 
which form exotoxins have greater powers of invasion than the organisms of 
diphtheria and tetanus, and spread through the tissues, lymph and blood far and 


wide through the body. 

The resistance offered by the body to bacterial attack falls roughly into three 
phases. There is first of all the protection afforded by its outer covering, the skin, 
and by the epithelial linings of cavities opening directly to the exterior, like the 
buccal and nasal cavities. Many bacteria live on the surface of the skin and more 
in the mouth and nose ; for the most part they do no harm. Few can pass through 
the undamaged skin but the soft and unkeratinised mucous membranes of the 

buccal and nasal cavities are more easily invaded. 

When bacteria have once gained an internal lodgement they are attacked by 
phagocytic leucocytes, whose numbers are greatly increased specially by the 
activity of the bone marrow where many of them are formed, and which accumu¬ 
late a/the focus of infection and engulf the bacteria. Pus consists largely of masses 
of dead phagocytes surrounding the invading bacterial colony. When the bacteria 
have little invasive power, like the staphylococci of boils thearmy oneucocytes 
can usually hold them invested until they are destroyed, but if the bacteria break 
through and spread more widely through the body the phagocytic defence is still 
carried on and the attack upon them is continued wherever they may go, not only 
by leucocytes but also by certain fixed tissue cells which share the phagocyti 


P °'Phagocytosis, however, is only part of the mechanism by which the invaded 
body defends itself. The living organism has remarkable powers of responding to 
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the presence of foreign proteins within its blood and tissues. Bacteria, of course, 
consist largely of proteins and their presence may cause the infected individual to 
produce substances which kill the bacteria and othens which neutralise their toxins 
(for these too are proteins). After recovery, the individual is then immune to 
further attacks of the disease, and the immunity may last for shorter or longer 
periods or for life. The substances which confer immunity by destroying bacteria 
or their toxins are called anti-bodies, while those which call forth the production of 
anti-bodies (that is, substances in the bacteria themselves or their toxins) are 
antigens. Very little is known of the mode of production of anti-bodies, but certain 
fixed connective tissue cells are believed to be concerned. Immunity to some 
diseases can be artificially induced. The method is to inject dead bacteria, or their 
toxins, or living bacteria of a strain whose virulence, after living for some time in 
culture, is known to be low. In each of these cases, antigens in the injected bacteria 
or toxins elicit the development of appropriate anti-bodies which protect the indi¬ 
vidual against the disease concerned so long as they persist. Among the diseases 
against which immunity can thus be artificially induced are diphtheria, typhoid 
fever, and others. The suspensions of bacteria which are injected are called 
vaccines. Originally, ‘ vaccine * was an exudate from the skin of a calf suffering 
from a mild disease called vaccinia which is very closely related to small-pox. It is 
caused by a filterable virus (p. 540) and this virus, introduced into man, gives him 
a high degree of resistance to small-pox itself. 

The artificial induction of immunity by the injection of antigens is active 
immunisation. It is of preventive rather than curative value, for to inject bacteria 
or toxins into a patient already suffering from a disease is not only like carrying 
coals to Newcastle but tends to strengthen the attack rather than the defence. 
In passive immunisation the antigens are injected into an animal (which may or may 
not contract the disease) and which then produces anti-bodies ; the injection of 
its serum into a patient then reinforces such anti-bodies as he may have himself 
produced. Since the use of the serum of horses into which diphtheria antigens have 
been injected, the death-rate in diphtheria has fallen very considerably. 
Passive immunisation can be used both for prevention and cure, but as its effects 
are more transient than those of active immunisation its chief value is in cure. 

VIRUSES 

A number of diseases both of animals and plants are caused by agents of 
obscure nature which are so small that they cannot be seen with the micro¬ 
scope and can pass through filters which prevent the passage of bacteria. They 
are called filterable or filter-passing viruses. Among the diseases of man caused by 
these enigmatic bodies are smallpox, yellow-fever, true influenza, chickenpox, 
infantile paralysis, rabies, parrot fever (psittacosis), shingles, and almost certainly 
mumps, measles, and that very important affliction, the common cold. A few 
cancers found in animals have been shown to be caused by a virus and it has 
been suggested that viruses may be concerned, along with other factors, in human 
cancer, but this has not been proved and the balance of evidence is perhaps against 
the idea. Among plants, more diseases are caused by viruses than by bacteria and 
some of them are of great industrial or agricultural importance. 

A feature of all the viruses, and one in which they differ from the bacteria, is 
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that they cannot live and multiply except within living cells. They can, however 
be cultivated either by allowing them to infect living cells in tissue cultures (p. 351)’ 
or by infecting chick embryos, by introducing a small amount of a fluid containing 
the virus through a hole in the egg-shell on to the chorio-allantois (p. 413). The 
virus is later recovered from the embryo and can then be transferred to another. 

It has been shown that viruses are particulate bodies. The sizes of different 
kinds range from some which are just visible with the microscope and are as large 
as the smaller bacteria to others so small as to be no bigger than some of the smaller 
protein molecules. A human red blood corpuscle has a diameter of about 7500 
millimicra (abbreviated as m/x ; 1 millimicron = 1/1000 of a micron, and 1 micron 
= 1/1000 of a millimetre). The rods of Bacillus sublilis are from 800 to 1500 m/x 
long. The virus of parrot fever has a diameter of between 250 and 275m/x, that 
of influenza between 80 and 120/1, while the smallest bacteria have a diameter of 
about 1 00mp , the molecule of haemocyanin (a large protein molecule) one of 
29m/x, that of yellow fever virus that of infantile paralysis 10-15m/x, of 

foot and mouth disease 8-12m/x, of the haemoglobin molecule 67m/x, and of the 
egg albumen molecule 4m/x. 

From a theoretical point of view, the interest of viruses centres in the question 
whether or not they should be regarded as living organisms. In favour of the view 
that they are organisms is the fact that they appear to reproduce. A very small 
quantity of body fluid or sap, taken from an infected animal or plant, can be used 
to infect another individual from which, then, enormously larger quantities of the 
infective agent can be obtained. The infective agent has thus increased in quan¬ 
tity, and it is at first natural to suppose that it has done so by some process of 
division. There are, however, other possibilities. Some chemical reactions are 
accelerated by one of the products of the reaction ; thus, the change A +i?->C + D 
might be accelerated by C, then called an autocatalyst because it catalyses its own 
production. If a virus were an autocatalyst, and if the substrates of its formation 
(A and B in our example) were found in the cell it inhabits, then infection of an 
organism by the virus would cause production of more of the virus, as in fact hap¬ 
pens. Thus the apparent ‘ reproduction * of the viruses is not satisfactory evidence 
that they are living organisms. 

Some of the larger viruses, like that of vaccinia (the antigen used in vaccination 
against smallpox), are composed of proteins, fats and carbohydrates, and have 
certain enzymes. They are evidently structures of considerable complexity and 
there is no difficulty in thinking of them as organisms like very small bacteria 
But some of the smaller viruses, particularly certain of those causing diseases of 
plants, have been crystallised, and retain their infective power. The crystals con¬ 
sist of nucleo-protein. It is probable that in some of these cases the virus particles 
consist of one or a few protein molecules, and it is extremely difficult to associate 
our conception of a living organism with a single molecule or with the crystalline 
state. In all probability the question ‘ are viruses alive? * cannot be answered 
because we do not know what we mean when we ask it. There is no single 
character by which living organisms can be distinguished from non-living, and 
no reason is known to us why there should not exist things having some of the 
qualities we usually associate with life and not others. In other words, the viruses 
mav be intermediate between the living and the non-living, and it seems likely 
that those whose particles are larger (for example, vaccinia and parrot fever) show 
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a more complete development of vital qualities than do the smaller kinds. The 
interesting suggestion has been made that viruses are descended from beings, 
possibly bacteria, which were true living organisms, and that their present con¬ 
dition of being, so to speak, only half-alive, reflects their very complete adaptation 
to the parasitic life. Just as in animal parasites there is a tendency towards the 
reduction and loss of those organ systems whose value is lessened in the conditions of 
parasitism, their functions being- performed by the host (as a tape-worm has no gut 
and produces no digestive enzymes, leaving all this to the host) so it is suggested 
that the viruses, by turning to their own use more and more of the physiological 
activities of the host, have increasingly lost the power of performing these functions 
themselves. With the loss of function has gone the loss of structure and decrease 
in size. Still another hypothesis regards the viruses as proteins, originally derived 
from the protoplasm of the host, so changed as to give rise to the pathological 
properties of the virus, but able to exert these properties and to ‘ reproduce ’ only 
in the protoplasm from which it is itself derived. It has even been suggested that 
viruses may be genes which have escaped from the chromosomes. 
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SAPROPHYTIC AND PARASITIC FLOWERING PLANTS 

CARNIVOROUS PLANTS 

Saprophytic and parasitic habits are by no means confined, among plants, to 
the fungi and bacteria, but are found sporadically among green plants too, 
including flowering plants. Thus, the bird’s nest orchid {Neottia nidus-avis) grows 
as an unbranched stem bearing the flowers and has only a few brown, scale-like 
leaves having little or no chlorophyll. Its roots are without root-hairs but are 
closely invested by the mycelium of a fungus whose hyphae penetrate into the 
tissues of the root, some being there digested (mycorrhiza, see pp. 572-573). It is 
clear from the absence of chlorophyll that the plant cannot be autotrophic ; it 
obtains organic food by digesting the fungus in its cells while the fungus lives on 
organic substances in the soil. Neottia is usually called a saprophyte ; but it is 
perhaps better to describe it as parasitic on the fungus while the composite organ¬ 
ism, Neottia plus fungus, is saprophytic. 

A number of flowering plants have become parasitic, nourishing themselves 
more or less completely at the expense of other higher plants. The mistletoe 
(Viscum album) lives high on a tree, often an oak, and has no roots connecting it 
with the soil. It sends root-like processes called haustoria into the xylem of its host 
and through these robs the host of water and mineral salts. The foliage is normally 
developed and green and the plant is therefore autotrophic ; its parasitism is 
partial, extending only to the robbery of salts and water. 

The tooth-wort { Lathraea squamaria) and the dodder ( Cuscuta europaea) are both 
more completely parasitic for they lack chlorophyll and are thus no longer able 
to live autotrophically. The dodder has a thread-like yellow or reddish stem 
which twines around that of its host (often clover or heather, but also many other 
plants) and which bears minute scale leaves without chlorophyll. Haustoria grow 
out from the stem, penetrate the cortex of the host, and, coming into contact with 
its vascular bundles, take water and mineral salts from the xylem, and organic 
materials from the phloem. The mature parasite is rootless, but the seedling has 
roots at first ; if the young shoot comes into contact with a suitable host plant, it 
twines around it and forms haustoria while the root withers away. If no host is 
found the seedling, having exhausted the store of organic food provided in the 
seed, and being unable to synthesise more, dies. Pink flowers are formed in con 
siderable numbers arranged in rosettes and the small seeds are very numerous. 

One of the most remarkable of parasitic flowering plants is the tropical form 
Rafflesia. In vegetative structure this extraordinary plant has neither roots, stem 
nor foliage, but is reduced to a system of branching filaments of cells which grow 
through the tissues of the host plant (species of vines) like the mycelium of a fungus. 
That Rafflcsia is a flowering plant only becomes apparent when buds burst through 
the surface of the host plant and open as flowers. These may be of great size ; 
that of R. Arnoldi, which is thirty inches across, is the largest flower in existence. 
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Certain flowering plants growing 
situations where there is difficulty 
it , getting the necessary supplies of 
suitably combined nitrogen (for 
example, where the soil conditions 
are unfavourable to the action of 
nitrifying bacteria, p. 535) obtain 
this by resorting to carnivorous 
habits. In Drosera rotundifolia and 
D. longifolia, the sundew, the upper 
surface of the leaves is covered with 
long glandular hairs. The tip of each 
hair secretes a nectar which is at¬ 
tractive to flies. These, alighting 
on the leaves, arc caught by a sticky , 

secretion covering the hairs, which phloem of host 
then curve round the fly and hold it. 

The hairs also secrete enzymes 
which digest the proteins of the fly 
and the products of this digestion 
are absorbed by the leaf. Finally, 
the tentacles open and release the 
indigestible chitinous remains. 

In an American insectivorous 
plant ( Dionaea muscipula) the end of 
each leaf is expanded into a very 
remarkable fly-trap. The edge of 
the lamina carries a row of stiff hairs, 
and from the surface of the lamina 
on each side of the mid-rib arise 
three sensitive spines. If an insect 
touches one of these the trap at once 
closes, hinging about the mid-rib in 
the same way as one closes a book, 
and the escape of the fly is prevented 
by the spines along the edge of the 
lamina. Once caught, the insect is 
digested by a juice secreted from 
glands on die surface of the lamina. 

The plant is known as Venus’ Fly-trap. 

• t J 1C pit ? h " plant ’ is a carnivorous epiphyte. The lamina of the leaf 

whTVh l ? h i aV - e thC fo " n i of a dee P Pitcher, which may be provided with a lid, 

6 ? e u , e isexpanded and leafdike and has taken over the photosynthetic 

inner ° f ^ T he pitcher contains water a " d digestive juices. On the 
umer side of the ran are glands. Insects attracted to the glands lose their foothold 

on the smooth inner surface of the pitcher, fall into it, and are digested. 

Witlmut an^rr P lan * have chlorophyll and can survive 

without ammal food, but do better if some is provided. 



F10. 352. A y young mistletoe plant with haustoria 
penetrating xylem of host; B, Cuscuta europaea para¬ 
sitic on a willow twig ; C, section of host plant with 
Cuscuta , showing haustoria ; D, seedlings of Cuscuta ; 
Ey flower and flower-buds of Rafflesia growing out of 
the roots of the host plant (A after Lowson, B y C, D 
after Strasburgcr, E after Kemer and Oliver, all 
re-drawn). 
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Some fungi living in the soil, probably in the main 
saprophytically on organic material in it, also capture 
small animals, especially small adult or larval nemat¬ 
ode worms (p. 557), the worm-like creatures known 
as ‘ rotifers ’, and certain protozoa. The mode of 
capture varies considerably. In some the prey 
becomes entangled in a network of fungal hyphae 
and its escape may be further hindered by a sticky 
secretion on the surface of the hyphae. In some a 
rounded hypha grows into the body cavity of the 
entangled worm and by expanding practically cuts 
the worm in two internally, disabling it. When 
the prey is thus quietened filamentous hyphae invade 
its tissues and digest it. Some of these fungi produce 
little hyphal rings each composed of three cells ; if a 
nematode strays into one of the rings the three cells 
contract abruptly and the ring closes on the worm, 
holding it tightly and soon disabling it so that it ceases 
to struggle, when hyphae grow into it. Many 
nematode worms which spend part of their life-cycles 
in the soil are in other stages important parasites of valuable plants or of man and 
it has been suggested that their numbers might be controlled by increasing the 
numbers of the predacious fungi. 



Fie. 353. Aleaf of Drosnarotun- 
d[folia. The tentacles on the left 
have been stimulated, and have 
turned inwards (after Darwin). 



L. Keinigsberg 

Fig avt. Left, a fly captured by a Venus’ fly-trap (Dionaea). 

(from Brimblc). 


Right, a pitcher plant 
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ANIMAL PARASITES 


Although members of nearly all the major phyla of animals have adopted the 
parasitic life, all the more important parasites of man are members of four phyla : 
PROTOZOA, PLATYHELMINTHES, NEMATODA, and ARTHROPOD A. It will here be 
possible to mention only a few of the more important parasites ; nearly all will be 
chosen from among those infesting man. They will be divided into three groups : 
(i) external parasites, (2) parasites of the alimentary canal and other internal 
cavities, (3) parasites of the blood and tissues. This arrangement is slightly 
illogical, for some parasites fall into different categories in different stages of their 
life-histories. 

EXTERNAL PARASITES 

These are animals which either live on the body of their host, as do the body- 
louse and head-louse, or else visit him occasionally, like fleas and mosquitos. 
Many have mouth-parts adapted for piercing the skin and sucking blood, but some 
feed on such epidermal tissues as hairs and feathers. 

Bed-bug 

The bed-bug (Cimex lectularius) is a flattened insect with wings represented only 
by scales. The bug lives in any narrow crevice, as in the framework of a bed or 
under wall-paper, .and there deposits its eggs, from which emerge young which 
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resemble the adult save in size and which lack the vestigial wings. The bed-bug 
has been suspected, but not certainly convicted, of transmitting certain diseases. 
Bed-bugs can go unfed for a year or more. 


Head-, body- and inguinal-lice 

Two species of lice are common on man. The body-louse ( Pediculus humanus ) 
lives among the hairs of the head and body and attaches its eggs either to the 
hairs of the head, or to the inner side of clothing. A second species ( Phthirius 
inguinalis) lives among the pubic hairs but may spread to other parts. 

The body-louse is a carrier, or vector, of organisms which cause disease. The 
principal of these is the bacterium-like organism of epidemic typhus, Rickettsia. 
The organisms circulating in the blood of a typhus patient are taken up by the 
louse when it sucks blood and then invade the cells of the insect’s alimentary canal ; 
about eight days later the cells burst, liberating the Rickettsiae, which are voided 
with the faeces. The parasites may enter the human body in the saliva of the 
insect when it bites, or may penetrate the lightly scratched skin after being deposited 
on it in the insect’s faeces, or may be carried on the fingers to the mucous mem¬ 
branes of the eye or mouth. 

Like the bed-bug, lice are wingless insects ; they are equipped with strong 
claws which enable them to hang on to the rough surface of the skin. Unlike 
the bed-bug, lice must feed frequently. 


Fleas 




Rtproduced from ' Fleas ' by James Waterston by 
p permission of the Trustees of the Bntuh Museum 


Fig. 356. Above, the Asiatic rat flea 
Xenopsylla cheopis ; below, its larva. 


The human flea ( Pulex irritans) is 
another small wingless insect ; it has a 
laterally compressed body and great 
powers of leaping. Its food is blood, but 
it is an occasional visitor like the bed-bug 
rather than a permanent resident like the 
lice. The eggs are laid on the ground, or 
on the floors of houses, and from each 
emerges a tiny, segmented, white maggot¬ 
like creature, the larva. The larvae feed 
on organic debris of various kinds but 
especially on the faeces of adult fleas. The 
faeces contain blood which has passed 
undigested through the adult and is used 
as food for the larvae, surely one of the 
most remarkble instances of parental pro¬ 
vision for the young. After about twenty 
days the larva pupates inside a cocoon. 
Finally the perfect flea emerges, the whole 
life cycle taking from four to six weeks. 

Fleas transmit the two serious diseases 
bubonic plague and typhus, of which typhus 
is probably now the more important. 
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Bubonic plague is transmitted to man from the rat by several species of rat flea, 
especially Xtnopsylla cheopis, but not by Pulex irritans. Rat fleas readily attack 
man, especially if the normal host is dead or dying. Fleas becomes infected with 
plague by sucking the blood of rats or men harbouring the bacterium, and may 
transmit the organism in any of several ways, as by injecting bacteria in biting and 
by depositing their infected faeces on the skin. In the last case the organisms gain 
entrance to the body through the wound, being perhaps assisted by the scratching 
of the itchy site. The bacteria often multiply so profusely within the flea as to 
block part of the alimentary canal; such fleas are unable to feed but, wandering 
from host to host trying to do so, spread the infection far and wide. 

Mosquitoes and other biting insects 

Among the most important of animal vectors of disease are the mosquitoes, 
members of the family culicidae (order Diptera, or two-winged flies). Some of 
these distribute the four important diseases : malarial fever, yellow fever, filanasis, 
and dengue fever. 

Mosquitoes have long thin legs and antennae, delicate membranous wings and 
large eyes. The mouth parts together form a long proboscis projecting from the 
head and are specialised as a set of tiny but beautifully formed instruments for 
puncturing the skin and forming a channel through which the blood is drawn 
into the alimentary canal. Although very different in form and mode of function- 
ing, the mouth parts resemble those of the cockroach in consisting of mandibles, 
maxillae, and labium, with the addition of the greatly elongated hypopharynx. 

Mosquitoes as a group are cosmopolitan and may be as great a plague in the 
far North as they are in the tropics. A few species normally feed on plant juices 
but females of few will let slip an opportunity of taking suitable blood and in 
some species the eggs of females which have not sucked blood fail to develop. 
Male mosquitoes do not take blood. Not every mosquito will attack every bird 
or mammal, and the species can be classified, according to their food preferences, 
into those which regularly attack wild animals but man only rarely, those attack¬ 
ing domesticated and wild animals more or less indifferently and sometimes man, 
those which prefer man but also attack animals, and those exclusive to man. 

The eggs are laid on the surface of fresh water, where they float either singly 
or in little raft-like groups, and from each there hatches a larva (Fig. 357) which, 
although living in the water, breathes air through a pair of spiracles at its posterior 
end. The larva transforms itself into a pupa or ‘ wriggler ’ whose head and thorax 
are rounded while the abdomen resembles a tail attached to them. It, too, 
breathes air through a pair of spiracles placed just behind the head. Finally, the 
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Fio. 357. Mosquitoes. 


BIOLOGY 


548 

cuticle of the pupa splits down the back and the perfect winged insect emerges. 
The whole cycle, from the deposition of the eggs to the release of the adults, takes 
from two to three weeks in tropical countries but much longer in colder climates. 

A great number of different species of mosquitoes exist. The parasite causing 
malarial fever (p. 559) is transmitted from man to man by certain species of the 
genus Anopheles. 

Yellow fever is a disease which has in the past been one of the most terrible 
of scourges, afflicting Central and parts of North and South America, the West 
Indies, West Africa, and at times erupting into Spanish and Portuguese ports. Its 
death rate varied from 12 to 80 per cent and in one instance reached the appalling 
figure of 94.5 per cent. Its ravages are said to have played an important part in the 
failure of the first attempt to dig the Panama canal. The causative agent is a 
filter-passing virus (p. 539) and it is transmitted by the mosquito Aedes aegypti 
(1 Stegomyia aegypti ; knowledge of this fact led to the control, though not to the 
disappearance, of the disease. At the time of the experiments which led to the 
conviction of the mosquito no animal was known which would take the disease 
and the experiments had to be performed on human volunteers, mostly members 
of the United States Marine Corps. Several of them, and of the investigators, 
died. 

Filariasis (p. 562) is caused by worms transmitted by a number of mosquito 
species. Dengue , an economically important but not usually fatal malady, is 
transmitted by Aedes aegypti ; in 1928, 90 per cent of the inhabitants of Athens 
suffered from dengue. Sleeping sickness , a very serious disease of man in Africa, is 
transmitted by the tsetse-fly, Glossina palpalis. The causative organism is a flagellate 

protozoan. 


PARASITES OF THE ALIMENTARY CANAL AND OTHER 

INTERNAL CAVITIES 

Amoebae 

At least two species of amoeba, Entamoeba histolytica and E. coli, live in the human 
colon. E. coli is harmless, feeding on bacteria and particles of faeces but not on 
the blood or other tissues of the host. E. histolytica , on the other hand, may 
grievously damage the tissues of the colon, for it bores into them, .engfflfs tissue 
fragments and blood corpuscles, and may set amoeb.cdyse 
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Borradaile, Potts, Eastham & Saunders, ' The InverUbrala \ 
Cambridge Univ. Press 

Fio. Entamoeba histolytica (after Dobell 
and O’Connor). 
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tion. The damaged tissue may, 
however, be able to repair itself as 
fast as it is injured so that no 
symptoms appear. Hence, healthy 
people sometimes carry the parasite 
for long periods, acting as sources 
for the infection of others ; if ill 
health or other factors reduce resist¬ 
ance, the parasite may get the upper 
hand and the diseased condition 
then becomes patent. 

The parasites reproduce by 
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binary fission, but may encyst, the nucleus dividing within the cyst into four. 
The cysts are voided with the faeces. On being swallowed (for example, in 
drinking water contaminated with faeces) the cysts are digested by the trypsin 
in the small intestine ; the liberated amoeba then divides into eight and the little 
Amoebae so formed make their way to the colon and proceed to attack its tissues. 

Worms of the phylum Platyhelminthes 

A free-living member of this phylum, Planaria , has been described earlier in 
this book (p. 50). The phylum is divided into three classes, the turbellaria, 
trematoda (flukes), and cestoda (tapeworms) ; all members of the last two 
classes are parasitic in men and animals. 

The liver-fluke of the sheep (Fasciola hepatica). This will serve as a first example of a 
trematode parasite. It is a flattened leaf-like worm about one half to one inch 
long and about half an inch wide. It lives in the bile canals in the liver of sheep 
and cattle and less commonly in other animals, including man. It is almost 
cosmopolitan. The food appears to be epithelial cells of the host, leucocytes and 
inflammatory exudate. When the worm is present in large numbers a serious 
anaemia is caused which may be accompanied by extensive destruction of 
the liver tissue (caused especially by the young worms migrating through it) 
and death. 

At the anterior end is a mouth surrounded by a muscular sucker and on the 
ventral surface a short distance behind the mouth is another sucker which opens 
into no internal organ but is for attachment only. Many tiny spines project from 
the body-wall. The mouth leads into a muscular sucking pharynx which is joined 
by a very short oesophagus to a bifurcated intestine each of whose divisions 
branches richly so that the intestine extends into all parts of the worm. 


Fio. 359. 
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The excretory system consists of branching tubes combining to form a single 
large median vessel which runs backwards to open to the exterior just in front of 
the posterior end. The nervous system has a pair of cerebral ganglia which are 
joined by a nerve ring encircling the oesophagus. The ring gives off small nerves 
to anterior parts and two larger longitudinal nerve cords which run backwards 
through the worm giving off many branches. The reproductive organs are 
hermaphrodite and complicated. 

The eggs, which are very numerous, leave the worm through the genital pore , 
just in front of the ventral sucker, and pass out of the host in its faeces. If they fall 
in a wet situation each produces a miracidium larva. This is a tiny creature covered 
by long cilia. At the anterior end a small papilla bears a terminal mouth opening 
into a simple sac-like gut, and behind the mouth is a pair of eye-spots. Internally, 
it has, besides the gut, a group of germ cells which show their importance in the 
next phase of the life-cycle. If the swimming miracidium finds a specimen of the 
fresh-water snail Limnaea truncatula, it enters the chamber which serves the snail 
for a lung, and there attaches itself to the wall. It now loses its cilia and its gut 
and is reduced to little more than a sac containing the germ cells mentioned above. 
This new stage is the sporocyst. 

The germ cells now develop, without requiring fertilisation, into the third 
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larval form, the redia> a number of 
which are formed inside each sporo- 
cyst. A fully formed redia is an 
elongated organism with a terminal 
mouth opening into a simple sac-like 
gut. Internally, the redia too has 
a stock of germ cells. The mature 
rediae escape from the sporocyst by 
breaking through its wall and then 
travel through the tissues of the snail 
to its digestive gland, which makes 
up most of the bulk of the spirally 
coiled hump. Here the germ cells 
of the rediae begin developing, again 
without needing to be fertilised. 

In summer they form a second 
generation of rediae but in winter 
they produce at once the fourth and 
last larval form, or cercaria. If a 
second generation of rediae is formed 
their germ cells in due time give rise 
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to cercariae. The cercaria begins Fr0m & NareJ l, * Animal Biology \ Vniv. Tutorial Press 

to show some of the structure of the Fio. 361. The life-history of the Liver-fluke, 
adult worm. It has anteriorly a 

mouth surorunded by a sucker, a bifurcated intestine, a ventral sucker, and the 
reproductive organs are beginning to appear. It has also a long tail. 

The cercariae, having escaped from the redia through an aperture in its body- 
wall, leave the digestive gland of the snail, and go through its lung to the exterior. 
For a tune they swim by means of the tail but soon each forms a cyst around itself and 
if, as is usual, the cyst lies in water, the little encysted worm can survive for as long 
as a year. Less commonly the cyst is attached to a plant above water-level and 
survival is then only for a few weeks. If the cyst is swallowed by a suitable mam¬ 
malian host, as for example by a sheep drinking the water or eating the herbage 
around the pond, its'wail is digested in the alimentary canal and there emerges a 
young liver-fluke which has now lost the tail. The little worm crosses the wall of the 
jjlimentary canal of the mammal and enters the peritoneal cavity, where it remains 
tor some days after which it bores through the connective tissue covering the liver 
and enters a bile canal. About three months later it is fully adult. 

CLonorchts sinensis. It is rather rare for man to be infected by the common 
liver-fluke but some other flukes are important human parasites. The life-history 
£ always along the same lines as that just described. Clonorchis sinensis is found in 

of men >, dogs, P>gs, rats and various other animals in the Far 
• Ti'ere are probably no pathological consequences unless the parasite is 

SiTm™? ma y be «rious ; twenty-one thousand have been found 

“ The to be able to survive in man for as long as twenty-five 

Stiidh 7 didbrs from that of Fasciola hefiatica chiefly in that a 

may bC an y. ofa r numb er of freshwater fishJinclu^g 
gold fish. The cercariae, on escaping from the water snail, burrow through 
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the skin of the fish and form cysts near the surface. The human or other mam¬ 
malian host is infected by eating raw fish, a favourite delicacy in eastern countries. 

The most important human parasites among the Trematodes are the blood 
flukes ( Schistosoma ), which are mentioned on p. 567. 

The common tapeworms of man (Taenia solium, T. saginata). All tapeworms belong 
to the class cestoda. A number are parasitic in man, including T. solium and 
T. saginata, both of which live in the intestine. Taenia saginata still occurs in 
Britain, while T. solium is now rare in this country but common in parts of the 
European continent. The two species resemble one another closely. The fol¬ 
lowing description applies to T. solium but the more important points of difference 
from T. saginata will be mentioned. 

The worm is flattened and ribbon-like and extremely long—2.5 to 7 metres. 
Some are even longer. The length of T. saginata may be 25 metres but does not 
usually exceed 10 or 12. One end is attached to the epithelial lining of the intes¬ 
tine. Here the worm narrows to form a neck-like structure which expands 
terminally as a little knob called the scolex. This is about the size of a pin’s head, 
and it bears the organs of attachment. These consist of four circular suckers and, 
at the tip of the scolex, of a double row of hooks which are borne on a slightly 
prostrusible disk, the rostellum. The movements of the rostellum alter the position 
of the hooks so that they can be withdrawn from the epithelium of the intestine 
and then dug in again. The hooks are absent in T. saginata. Usually only one 
tapeworm is found in a single intestine, but there are sometimes more. 

A little below the scolex, the neck region bears a number of closely set trans¬ 
verse grooves, and as the body of the worm is followed backwards, these grooves 
become deeper and further apart, so that they demarcate a succession of segments 
or proglottides (sing, proglottis) which make up the body of the worm. This segmen¬ 
tation or division of the worm into a long series of proglottides has nothing whatever 
to do with true ‘ metameric segmentation ’ as seen in the earthworm, cockroach, 
and chordata. The total number of proglottides formed by T. solium is about 
850, while in T. saginata there may be as many as 1200 or 1300. They are shorter in 
front than behind, and posteriorly they are continually becoming detached from 
the worm and passing out of the body of the host in his faeces. As proglottides 
are lost in this manner they are replaced by the formation of new ones in the region 


of the neck, just behind the scolex. 

Each proglottis contains one complete set of both male and female reproduc¬ 
tive organs. These develop gradually. The younger proglottides, near the scolex, 
show but little structure, while further along the worm first the male organs appear 
and then the female. About half way along the length of the worm die complete 
sexual apparatus can be seen in each proglottis. A great number of small com¬ 
pact testes are scattered rather irregularly through the proglottis ; each gives off 
a fine vas efferens and all the vasa efferentia unite to form the vas deferens This 
opens into a genital pit, which is found on opposite sides of alternate proglottides. 
The terminal part of the vas deferens can be everted through the genital pit to act 
as a penis. Near the posterior end of the proglotds is a pair of flattened, arborescent 
ovaries, joined to one another by a transverse duct. Behind them, is a la ^ 
vitelline gland. From this a duct runs forwards, passing through the so-called^// 
gland, whose secretion it receives, and joins a large, tubular cana> ' 

This extends into the more anterior part of the proglottis. It is at P 
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unbranched tubular sac. The duct formed by the confluence of the vitelline duct 
and uterus receives the oviduct, which runs to it from the transverse duct connect¬ 
ing the ovaries ; it then passes forwards, as the vagina, to open into the genital pit. 

generally only one tapeworm is present in the intestine, so self-fertilisadon is 
usual, the spermatozoa passing through the penis into the opening of the vagina 
01 the .same or another proglottis. Fertilisation occurs in the oviduct. The 
™, ova are provided with ‘ yolk * and with a thin shell by the vitelline gland 
(the shell is apparently not formed by the ‘ shell gland ’). The eggs are then moved 
into the uterus where them development immediately begins. The developing 
embryo secretes around itself a tough chitinous sheU inside the more delicate 
sheath provided by the vitelline gland. It has been estimated that a single 

life^ may Pr ° dUCe “ many 33 ° nC hundred and million eggs during its 


di Jnn? 6 °l d T P f ,g0tUde5 ? 11 re P ro ductive organs, except the uterus, gradually 
isappear, but the uterus, becoming packed with more and more eggs, enlarged 
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ending in flame cells and opening into two longitudinal ducts running through the 
whole length of the worm and discharging to the exterior from the last undetached 
proglottis. In each proglottis, near its posterior end, a transverse canal connects 
the two longitudinal excretory ducts. 

Transverse sections show the proglottides to be covered with a thick cuticle and 
to consist largely of a special sort of connective tissue called ‘ parenchyma ’, in 
which the various organs are embedded. The cuticle is a secretion of the epidermis 
but the epidermal cells are not at first obvious. Immediately beneath the cuticle is 
a narrow layer of circular muscle fibres and below this is a deeper zone of longi¬ 
tudinal muscle ; the epidermal cells are embedded among the longitudinal muscle 
fibres, are widely spaced from one another, and are connected to the cuticle only 
by narrow processes. Internal to the longitudinal muscle comes a network of 
nerve cells and fibres and then an inner zone of longitudinal followed by a zone 
of circular muscle. By means of its muscles the worm can perform writhing 
movements and can move about in the intestine. Internal to the muscles, 
embedded in parenchyma, are the various reproductive organs and near each 
edge of the proglottis the longitudinal excretory duct is cut transversely, and just 
lateral to it is the nerve cord. 

Tapeworms have no alimentary canal. The worm, lying in the intestine of its 
host, is surrounded on all sides by his already digested food, which is absorbed 
through the cuticle over the whole surface of the body. 

The detached proglottides pass out of the host by the anus either passively 
with the faeces or, especially in T. saginata, by active migration. The eggs are 
liberated through a slit in the proglottis either before or after its detachment. Each 
egg has a resistant chitinous shell and may survive for many weeks ; within it there 
develops a curious little spherical structure equipped with three pairs of hooks, the 
hexacanlh embryo or oncosphere. If the life-cycle is to continue, the egg with its onco¬ 
sphere must be eaten, by a pig in the case of Taenia solium, by a bull or cow in the 
case of T. saginata. This is naturally a rare event and it is because the chance of 
its occurrence is so slight for any one of them that the eggs are produced in such 


enormous numbers. 

The oncosphere is liberated from the egg in the alimentary canal of this second 
host, probably in the stomach. It is very small (diameter 20 (i) but actively mobile 
and by means of its six hooks it burrows through the wall of the gut and into the 
veins of the hepatic portal system or into lymphatics. In either case it is carried 
into the general circulation. Sooner or later it leaves the blood vessel and migrates 
into some tissue favourable to its further development, usually voluntary muscle, 
often that of the tongue. Here it loses its hooks and enlarges, becoming a roughly 
ovoid fluid-filled vesicle, the proscolex. Next, a part of the wall of the proscolex 
invafrinates and at the bottom of the invagination is formed a ring of hooks and 
four suckers, but these are developed facing the cavity of the invagination which 
thus resembles a tapeworm scolex turned inside out. The P arasi ^ e is ^ v 
cysticercus or bladder-worm. The cysticercus of Taenia solium may be 15mm. long y 
7 or 8 mm. broad, and that of T. saginata a little smaller The wonrircmaus 
indefinitely in this condition and can develop no further unless the infec ' ed fleS [ h f 
be eaten, either raw or cooked insufficiently to kill the P-asn« by a ^ If 
this happens, the invaginated scolex is evaginated and the worm now theJonn 

of a hollow bladder to which is attached the scolex of a tape-worm. The scolex 
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Fic. 363. Life-history of the tape-worm, T. solium. A, egg, with oncosphere ; B, cysti- 
cercus ; C, everted cysticercus, beginning to produce proglottides, from a specimen. 


attaches itself to the intestinal wall by its hooks and suckers, the bladder is thrown 
off, and the young tapeworm begins to form proglottides. 

Individuals harbouring adult tapeworms are said to suffer from taeniasis 
People m robust health usually suffer little if at all but in susceptible or less healthy 
individuals infestation may have more serious consequences, including indigestion, 
constipation or diarrhoea, vomiting, loss of appetite, and a condition resembling 
epilepsy and other effects on the central nervous system. The worms live up to 
twenty-five years and are difficult to remove. 

Cystkercosis is the infestation by the cysticercus stage. The pig is the animal 
normally afflicted by the cysticerci of T. solium , but rats, rabbits, and perhaps some 
er annuals may take its place if their food is contaminated by infected human 
aeces. Cysticercosis is not uncommon in man, and can occur in either of two 
' W by the eating of food contaminated by infected human faeces, or by 
SHIS 1 f ^ fi"g er s into the mouth; (fc) by the reversal of peristalsis forcing eggs or 

U P into the stomach. Here the oncospheres escape 
tne eggs m the uterus, bore through the stomach wall and thereafter, just as in 
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the pig, transform themselves into cysticerci in various-parts of the body. In one or 
other way the unfortunate individual may be forced to harbour from one to tens of 
thousands of cysticerci. If the number is small, little harm is done, but if many are 
present, and if some are situated in important places, the consequences may be 
serious. In the eye, blindness may result; cysticerci in the brain may be responsible 
for attacks resembling epilepsy, for paralyses, and for a variety of other conditions 
which may end in death. 

The decline in personal cleanliness caused in Germany by the shortage of soap 

during the war was accompanied by a considerable increase in infestation with 
intestinal parasites. 

Diphyllobothrium latum (Bothriocephalus lotus). This is another tapeworm of man 
and various animals. In man its usual length is from two to eight metres but it 
is occasionally as long as twenty metres. It differs from Taenia in having two 
intermediate hosts ; the first is a tiny fresh-water crustacean, the second any of 
several fresh-water fishes. Man acquires the parasite by eating the fish insufficiently 
cooked. 

Echinococcus granulosus (Taenia echinococcus) and hydatid disease. The most impor¬ 
tant types of tapeworm infection in man are probably the cysticercoses of Taenia 
solium and Echinococcus granulosus. 

The adult of Echinococcus granulosus lives in the intestine of the dog and is a tiny 
worm with three or four proglottides. The eggs can infect man and a variety 
of animals including cats, dogs, sheep, cattle, pigs, mice and others. The 
oncosphere settles down most commonly in the liver and lungs but also in other 
organs. Here it enlarges and forms a vesicle, the hydatid cyst. The wall of the cyst 
may give rise internally to secondary cysts and these to tertiary cysts, and from the 
walls of all these may form smaller vesicles, each not more than a millimetre in 
diameter, called brood capsules. Within each brood capsules are formed, as buds 
from its wall, a number of tapeworm heads or scolices. The brood capsules break 
away from the cyst walls and disintegrate, leaving in the cysts a sand-like deposit 
which really consists of countless scolices, while new brood capsules continue to 
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Fig. 364. Echinococcus granulosus. A> the mature worm ; D , diagram of a hyatid cyst ; 

C, part of the wall of a hyatid cyst. 
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form and to disintegrate. More than a couple of million of scolices may be formed 
in a single hydatid cyst. 

The primary cyst may become as large as a human head and is capable of 
inflicting serious mechanical injury by the destruction or displacement of internal 
organs and tissues ; if it is not surgically removed, death often results. The 
frequency of the disease in man depends partly on dogs receiving as food uncooked 
meat, especially the liver of animals containing hydatid cysts, and on the con¬ 
tamination of human food with dogs’ faeces. The disease is almost cosmopolitan. 


Worms of the phylum Nemathelminthes 

The nemathelminthes, many of which are free-living, include also many for¬ 
midable parasites of animals and plants. They are all elongated unsegmented 
worms of rounded cross section and are often called ‘ round worms ’. The simple 
gut opens anteriorly by a mouth and posteriorly by an anus (which is not found 
in platyhclminthes). The sexes are separate and the tubular gonads continue 
directly into the reproductive ducts. 

Ascaris lumbricoides is parasitic in the small intestines of man, pigs, sheep and 
cattle. Adult male worms are from 15 to 25 cm. long by 3 mm. in thickness, 
lcmales 20 to 40 cm. long by 5 mm. thick. 

The food is probably the digested or partly digested food of the host, but the 
worms have been accused of sucking blood from the intestinal wall. 

I he fertilised eggs pass out of the host with his faeces. After some weeks larval 
worms have developed within them and if the eggs are then swallowed, as they 
,™ y 5f bc m » oJ * water, or on uncooked vegetables, the larvae are liberated in the 
intestine. Surprisingly, however, and although the intestine will be their final 
hey . d ° ^ remain there but burrow through the intestinal wall, usually 

hei t he rr of thc p° rtal system, and arc then carried through the liver and the 
heart to the lungs Here they leave the vessels, penetrate into the alveoli of the 

he n^ atl H gr ° W ' fi tCr th ^ Y crawl U P thc bronchi an d trachea and then go down 
the oesophagus and through the stomach to the intestine again, where the/remain 
and about six weeks later become adult. Aberrant Y ’ 

individuals may be found in other organs, including 
the ear, eyes and nose. The pathological effect of 
their presence is usually slight except in heavy infest¬ 
ations and in susceptible individuals. All or most 
species of domestic and other mammals harbour 
related -species ; among them is the round worm so 
common in dogs. 

EnUrobius ( Oxyuris ) vermicularis is a very common 
parasite of man and. especiaHy of children, throughout 

dneTnd : T m - hC loWcr P art ofthe smallfntes- 

mm l d m ^ e f gC intestine - The females are 9 - 12 
mm. long, the males only 2-5 mm. The females crawl 

out of the anus at night and deposit their eggs on the 
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alimentary canal again when next the fingers are put Fl ° - 




558 


BIOLOGY 
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in the mouth. The eggs may be blown about in dust, 
remaining alive for several weeks, and again are easily 
carried to the mouth on the fingers. The eggs hatch in 
the intestine and complete their development without 
migrations through other organs. The intense itch 
around the anus causes restlessness and loss of sleep. The 
worms are said to have caused appendicitis. 

A much more important nematode parasite is Trichi- 
nella spiralis. This worm, which is of cosmopolitan 
distribution, is primarily a parasite of rats, which acquire 
it by eating one another, but is also found in other 
animals. The adult male is i .4 to i .6 mm. long and the 
female 3 to 4 mm. long. The worms inhabit the small 
intestine and the fertilised female worms burrow deeply 
into its wall. The eggs hatch within the body of the female. 



egg with embryo 

From Faust, * Human Helminthol¬ 
ogy \ Lea & Febiger, Philadelphia 

Fig. 366. Enterobius vermi - 
cularius (adult male after 
Leuckart, egg after Faust). 


The young worms are set free in lymphatic vessels and 
migrate through these and blood vessels to all parts of 
the body. They finally leave the vessels and come to rest in 
the voluntary muscles, especially those of the diaphragm 
and chest, the tongue, the throat and the eye. Here the 
young worms become encysted ; they remain alive for at 
least ten years. Pigs and rats become infected by eating 
the flesh of pigs or rats containing the cysts ; the encysted 
larvae are liberated in the intestine and there become 
adult. Man becomes infected by eating infected and 
insufficiently cooked 


Leuckart, egg after Faust). pork. A gram of pig’s 

muscle may contain 
twelve thousand encysted worms. Heavy infest¬ 
ations may lead to grave illness and death. 
During the war, two German battalions, one 
in Poland and one in Norway, were put out 
of action by eating ‘ trichinised ’ pork. 

Two related and very important worms in 
tropical and sub-tropical countries, and also in 
special situations like mines in temperate coun¬ 
tries, are Ancylosloma duodenale and Necator 
americanus. They are found in the human 
jejunum and less commonly in the duodenum, 
and are known as ‘ hook-worms ’. Each worm 
lives with a small piece of the mucous membrane 
of the gut pulled into its mouth, which is 
provided with teeth. The food is blood and 
probably fragments of the mucous membrane ; 
the withdrawal of blood by the worms is the 
most important factor in ‘ hook-worm disease 
for it causes a serious anaemia among the 
consequences of which is a dull stupidity which 
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& Febiger , Philadelphia 

Fio. 367. Trichinella spiralis (A and 
B after Yorke and Maplestone). 
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greatly lowers the activity and efficiency of the afflicted 
individual. In parts of China, Egypt, India, the 
southern United States and Central and South 
America, many thousands of people are thus debili¬ 
tated and the efficiency of labour greatly reduced, for 
the infested people cannot work, or work badly. The 
anaemia is accompanied by other disorders, especially 
of digestion, and the infestation may end in death ; 
hook-worms are in particular responsible for many 
still-births. 

The eggs pass out with the faeces and develop in 
warm and moist situations (for example, in the fields 
and plantations of tropical countries, in mines in 
temperate countries) and the larvae invade man by 
burrowing through the skin ; of course this is made 
easier by bare feet. Having penetrated the skin, the 
larvae make their way through the blood vessels and 
heart to the lungs, and thence through the trachea, 
oesophagus and stomach to the intestine. 



After Ixuckart, from Thomson's * Out¬ 
lines of Zoology, by permission of 
Oxford Unit*. Press 

Fig. 368. Trichinclla spiralis 
encysted in muscle. 


PARASITES OF THE BLOOD AND TISSUES 

Protozoan parasites 

A very important genus of parasites, Plasmodium, causes malarial fever which 
occurs in all tropical and many temperate countries. It was at one time a serious 
scourge in Britain, especially in the Fen Country, and is still so in Italy and other 
parts of southern Europe. It is not often realised how serious a disease malaria 
1S .» ^though in some of its f orms it is a danger to health rather than to life, it prob¬ 
ably k.lls more people than any other disease. In British India it attacks about one 
hundred million people per annum and causes more than a million deaths. 

Plasmodium is a blood parasite belonging to the class Sporozoa, and four closely 
related species all cause malaria. These are Plasmodium falciparum, P. vivax P. 
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ovale and P. malariae. A patient who has been infected (by the bite of an infected 
mosquito, see below) by one of the first three of these parasites, suffers from 
attacks of the fever every other day, a type of malaria described as ‘ tertian 
In the case of P. malariae the fever comes on every third day (‘ quartan ’ 
malaria). The fever caused by P. falciparum is much the most dangerous and 
frequently ends in death ; it is known as ‘ malignant ’ tertian malaria. Other 
forms may however be as dangerous in patients suffering from malnutrition, 
other infections, etc. 

When the parasite first enters the blood from the proboscis of the mosquito it is 
a minute lightly curved or sickle-shaped organism, tapering at each end, with a 
central nucleus, known as a sporozoite. The parasite is next found in the liver, prob¬ 
ably within the cytoplasm of its cells. It enlarges, and after some days divides 
into a number of smaller forms which are liberated into the blood, each entering 
a red blood corpuscle. Here the parasite comes to resemble a tiny Amoeba, and 
in P. vivax it actively forms pseudopodia (whence the name ‘ vivax ’). It is now a 
young trophozoite. The trophozoite remains in the red corpuscle where it grows to 
its full size. 

The mature trophozoites of all but P. falciparum are found in corpuscles in 
superficial blood vessels, but in this species the larger trophozoites vanish from the 
superficial blood and are only found in deep-seated organs, especially the brain, 
kidneys, pancreas, etc. 
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From Grove & Newell. ‘ Animal Biology \ Unio. Tutorial Press 

Fig. 370. A diagram of the life-cycle of Plasmodium vivax, one of the malaria parasites. 

The stage in the liver is omitted. 
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When the trophozoites become mature, which in the tertian forms happens 
forty-eight hours after they have entered the corpuscles and in the quartan forms 
seventy-two hours after, they enter into a cycle of asexual reproduction. Each tropho¬ 
zoite divides into several little cells called merozoites. The number of merozoites 
formed varies in the different species, from about eight in P. malariae to about 24 
in P. falciparum. The merozoites escape from the corpuscle, which has now been 
reduced to little more than an envelope around the parasite which has lived and 
grown at its expense. Each merozoite, after liberation, immediately invades a new 
red blood corpuscle, becoming a trophozoite within it, and then again dividing into 
merozoites. The periodical attacks of fever occur at the time of liberation of the 
merozoites. 

Besides this asexual cycle there is a sexual one. Some of the trophozoites, 
instead of dividing into merozoites become gametocytes . The gametocytes are 
rounded except in P. falciparum, where they have the form of curved sausages. 
They are still, of course, intra-corpuscular. Small differences of str ucture and 
staining distinguish male and female gametocytes. They undergo no further 
development in the human blood, but if the patient is bitten by a mosquito of any 
of a number of species of the genus Anopheles (fig. 357), the sexual cycle goes on in 
the insect. The digestive juices of the mosquito’s alimentary canal destroy all 
stages of the parasite except the gametocytes, which survive the digestion of the 
corpuscles containing them. While lying free in the insect’s stomacli the female 
gametocyte undergoes meiosis (p. 435), producing two polar bodies 1 ; it is then 
a macro-gamete. In each male gametocyte the nucleus divides several times and 
long threads of cytoplasm push out from the surface of the gametocyte. A nucleus 
passes into each such thread, and the nucleated structures now separate off from 
die remains of the gametocyte ; they are male gametes or micro-gametes. Each 
micro-gamete now penetrates into a macro-gamete, just as a spermatozoon does 
into an ovum, and the nuclei fuse. The cell thus formed is of course the zyaote 

basemcnf VS of 1116 mos quito’s stomach and encysts just under the 

basement membrane. The cyst enlarges during the course of several days the 

zygote nucleus divides repeatedly, some cytoplasm aggregates round each daughter 

Sav I 5 ; T th0 —<of sickle-shaped sporoZef are !“fom C 

days the cyst bursts, setting the sporozoites free in the haemocoele Thev 
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single diiect cause of the diseased condition. Chronic malarial infections cause an 
enormous enlargement of the spleen ; in tropical countries the native children 
owe their pot-bellies not to the food they have eaten but to the malarial parasites 
they harbour. The drugs used for the prevention or treatment of malaria are 
quinine and the more recently synthesised mepacrine and paludrine. 


Nemathelminth parasites of the blood and tissues 


An important example of these is Wuchereria ( Filaria) bancrofti , a thread-like 
worm living in the lymph glands and lymphatic vessels of man ( Jilariasis ). The male 
worm is about 40 mm. long by 0.1 mm. thick, the female 80-100 mm. by 0.23 mm. 
thick. The parasite occurs in China, Japan, the Philippines, India, Oceania, Africa, 
the Antilles, and in parts of South America. After infections which may have 

continued through a long life-time there may be 




From Faust, ‘ Human Helminthology \ Lea 
&■ Febiger, Philadelphia 


Fig. 371. Wuchereria ( Filaria ) ban¬ 
crofti. A, a mobile embryo in blood ; 
D, larval worms discharged on to 
human skin from the proboscis of a 
mosquito engaged in sucking blood. 


no symptoms, but in other cases, and especially 
on first infections, there may be irregular fevers, 
enlargement of the affected lymph glands and 
even death. The worms are in part responsible 
for the condition called elephantiasis in which 
various parts of the body, especially the legs 
and the scrotum are greatly swollen ; the 
scrotum in particular may become many times 
larger than the head. The immediate cause is 
a blockage by Wuchereria, of the lymphatic vessels 
returning lymph to the trunk, a simultaneous 
bacterial infection being perhaps also necessary. 

The female worms produce mobile embryos 
which are usually found in the superficial blood 
vessels at night ; during the day, they retire into 
the heart and larger arteries. This daily period¬ 
icity is connected with the habits of both the 
definitive host (man) and the intermediate host 
(a mosquito). Where the only, or the commonest, 
possible intermediate host is a night-biting mos¬ 
quito, the embryo worms enter the superficial 
capillaries at night ; where it is a day-biter, 
during the day. But if a man infested with 
a ‘ race ’ of the parasite entering the superficial 
vessels at night changes his habits, sleeping in 
the day and being active at night, the parasites 
change their habits too, being then found in 
the superficial capillaries during his day-time 
sleep and being absent from them at night. 

When the mosquito sucks blood it takes worm 
embryos into its stomach. They then traverse 
the stomach wall into the haemocoele, and enter 
the muscles of the thorax. After living and 
growing here for from eight to fifteen days they 
migrate into the insect’s proboscis. When next 
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the mosquito bites a man the larval worms are deposited on the surface of his 
skin which they actively penetrate ; unlike the malarial parasite they are not 
injected. Having passed through the skin they enter lymphatic vessels and 
lymph glands and complete their development into adults. It should be 
noticed that developmental changes but no multiplication occur in the insect. 



CHAPTER LI I 


ADAPTATIONS OF PARASITES 

It is to be expected that the peculiar circumstances of the parasitic life will lead 
to the evolution of special adaptations. These take the form of simplifications and 
elaborations. Those structures and processes which the parasitic life makes less 
valuable to the organism tenc to be reduced or abolished, while others, the im¬ 
portance of which is enhanced by the circumstances of parasitism, tend to be 
elaborated. 

Locomotion and attachment 

The extent to which the parasitic habit has affected the locomotor apparatus 
of animal parasites of course varies with the mode of parasitism. In some it is 
little if at all influenced, as in mosquitoes and other biting flies. But certain 
externally parasitic insects, instead of paying only occasional visits to the victim, 

remain in permanent residence. In 
one of these, the sheep ked (Melophagus 
ovinus), which sucks the blood ofsheep, 
the wings have completely disappear¬ 
ed, while in a related species, the 
New Forest fly (Hippobosca equina ), 
which lives on horses, the wings 
remain but are little used, the animal 
running about on the horse’s skin. 
Fleas, lice and bugs are all undoubt¬ 
edly descended from winged ances- 
Div. Ent., us. Dept. Agr. tors . p aras ites living externally 

on their hosts are provided with 
special means of attachment such as 
the claws of fleas and the other 
insects just mentioned. 

The means of locomotion of 
external parasites which spend much 
time away from their hosts, and which 
move actively from one host to 
another, are not atrophied but may 
be altered, as in the flea, the hopping 
descendant of flying ancestors. A- 
mong internal parasites which, once 
established in their hosts, never leave 

C. A. Ealand, ' Inserts and Man . 

them, the locomotor organs are otten 
Fic. 372. Above, the horse forest fly (Hip- reduced though probably never com- 
StTS)? 5 bel0W ’ tHC ShCCP pletely lost. Thus tapeworms perform 
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slow writhing movements which bring proglottides of different parts of the worm 
into contact, making copulation between them possible, and the loose proglottides 
of Taenia saginata may force their way out of the anus and crawl about in the 
host’s underclothes or bed, depositing eggs as they go. 

Many parasites of the gut have special organs of attachment such as the hooks 
and suckers of the tapeworms. 

Nutrition 

In saprophytes and those completely parasitic plants, such as the dodder, 
which have become heterotrophic, chlorophyll and foliage have been lost. Among 
parasitic animals too, we find remarkable structural alterations in the alimentary 
apparatus, notably the disappearance of the gut in the tapeworms where it is 
functionally replaced by that of the host. 

Inter-penetration of the host’s tissues by thread-like absorbing filaments, 
resembling the filamentous structure of fungal mycelia, is seen in several of the 
more extreme examples of parasitic adaptation among both plants and animals. 
A case in point among flowering plants is Rafflesia (p. 542) and an example among 
animals is Sacculina. This, in the adult condition, is a sac-like body attached to the 
abdomen of a crab. The sac contains little but a pair of ovaries, a pair of testes, and 
a nerve ganglion ; practically all other structures are absent. Given off from the 
sac, and penetrating through all parts of the crab, is a branching system of root¬ 
like threads which, like the hyphae of a parasitic fungus, absorb nourishment from 
the tissues through which they grow. Nothing in the structure of the adult offers 
any clue to the zoological nature of this strange animal, but the ova give rise to 
larvae which have jointed limbs and which show Sacculina to be a very highly 
modified crustacean. The larva attaches itself to the crab and in a series of com¬ 
plicated changes transforms itself into the adult. 

Physiological adaptations 

The physiological changes by which parasites adapt themselves are less known 
than the structural, but are of equal interest. An example is the production in the 
salivary glands of many (if not all) blood-sucking parasites, of a substance which 
prevents coagulation of the blood and injection of which into the wound ensures 
that the food passages of the parasite shall not be blocked by a clot and that the 
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blood shall not cease to flow. It is such a substance which causes leech bites to 
continue bleeding for so long after the removal of the leech. 

Organisms living in the alimentary canals of animals are in danger of destruc¬ 
tion by their host’s digestive enzymes, but protect themselves by producing sub¬ 
stances called anti-enzymes which inhibit the action of the host’s digestive juices. 
The thick cuticle which often covers the _ epidermis probably assists. Another 
condition of life in the intestine is the very low concentration of oxygen. It is 
probable that animal parasites are not truly anaerobic, in the sense of being able 
to perform all their functions normally and to live indefinitely in the total absence 
of oxygen, but their mere presence in the intestine shows that they need much less 
oxygen than free-living forms require. The presence in the intestine of anaerobic 
bacteria has been mentioned (p. 534). 

Sense organs and the nervous system 

External parasites are not less exposed to stimulation than free-living forms, 
nor is the elaboration of their locomotor-organs necessarily less ; thus their sense 
organs and nervous systems are as well developed, though no doubt a deeper 
knowledge will show sensitivity to different and special sorts of stimulation 
especially to chemical stimuli given off from the host. Internal parasites, how¬ 
ever, living in a less variable environment, show a lesser development of sense 
organs than are found in their free-living relatives, and indeed often even less than 
in their own free-living larvae. Thus the miracidium of the liver-fluke has ‘ eyes ’ 
which the adult worm lacks. Eyes in particular tend to be lost by parasites 
living internally because they are useless in organs where no light penetrates. 
Similarly, the reduced apparatus of movement needs only a reduced co-ordinating 
mechanism to work it. Nevertheless no environment is wholly free from change 
and no organism is quite unstimulated or without need for co-ordinating its parts. 
Thus one does not find parasites which have lost their sensory and nervous systems 
altogether. 

Reproduction and the life-cycle 

It is especially in connection with reproduction that parasitism has led, not 
to simplification, but to elaboration. 

Unicellular organisms apart, there are relatively few species of parasite whose 
offspring continue to inhabit the same host as the parent; nearly always repro- 
parasitic life-cycle, and the chance of any single individual successfully infesting 
duction is followed by the infestation of a new host. The transference of 
parasites or of their eggs or larvae from one host to another is the crisis of a 
a new host is slight. It is to offset the rarity of success that the immense fecundity 
of many parasites is due. It is estimated that Taenia solium may produce forty- 
two million eggs, T. saginata 150 million, and Ascaris lumbricoides sixty-four million. 
An extraordinary consequence of this immense production of eggs is seen in a 
nematode worm Sphaerularia bombi, parasitic in queen bumble bees, in which the 
uterus filled with eggs is extruded from the body of the worm and grows to be 

enormously bigger than the worm itself. 

A male or female parasite which is alone in a host cannot reproduce, however 
many eggs may be formed. In many parasites the danger of such wastage of 
reproductive power is obviated by hermaphroditism. In hermaphrodite animals 
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which are capable of self-fertilisation, an 
isolated individual can evidently reproduce, 
as in tapeworms, while even if self-fertilis¬ 
ation is impossible, hermaphroditism makes 
every individual an egg-producer, and not 
only half of them, as in species with the 
sexes separate. 

In some parasites with separate sexes 
fertilisation of the female is secured by a 
prolonged or permanent association with 
the male. The male of Schistosoma ( Bilhar - 
zia) haematobium, the most important 
trcmatode parasitic in man, is a little 
shorter than the female (10-15 mm. against 
15-20 mm.), but much thicker, and is 
longitudinally folded around the unfertilis¬ 
ed female which is held in a groove. The 
mature couples are found in veins, especial¬ 
ly the portal, vesical, uterine veins and 
others. After being fertilised, the female 
worms leave the males and usually go to 




From Faust 'Human HelmintMobry \ 
Lta & Finger, Philadelphia 


Fio. 375. Schistosoma haematobium (after 
Looss). 


Fig. 374. Left, Syngamus trachealis (after 
Warburton, from Shipley) ; the small 
drawing shows the actual size. Right, 
Sphatrularia bombi (after Leuckart, from 
Shipley). 

v eins in the wall of the bladder where they 
deposit eggs. The pressure in the vein, 
the action of cell-destroying substances 
diffusing from the embryos in the eggs, 
the reaction of the host tissues, and the 
sharp spine with which each egg is pro¬ 
vided, cause the eggs to break through 
into the bladder, whence they pass out of 
the body in the urine. On falling into 
water they liberate miracidium larvae 
which infest water snails from which cer- 
cariae later escape. These bore through 
the skins of people who come in contact 
with the water. Somewhat similar 
instances of prolonged or permanent 
association of the sexes is seen in the 
nematode worms Syngamus trachealis which 
causes ‘ gapes * in fowls, and in Trichoso- 
mum crassicaudum which lives in the bladder 
of rats ; in the former species the males 
and females are permanently joined at 
the reproductive apertures while i n ^ 
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Fig- 376 - The snail Succineapulris con¬ 
taining a sporocyst of Distomum rnacrostomum 
(after Heckert). 


one host to the other. 


second several small males are kept actually 
in the uterus of the female. 

Another method of ensuring a lavish 
production of new individuals is the intro¬ 
duction into the life-cycle of an additional 
reproductive phase, in which the parasite 
multiplies asexually, usually in a different 
host from that in which sexual reproduction 
occurs, as in the liver-fluke and Echinococcus 
granulosus. The advantage to the parasite 
of having a reproductive phase in each of 
the two hosts is that it compensates for 
the immense loss sustained in passing from 


Internal parasites have adopted a variety of different ways of bringing about 
their transference from host to host. In some the life-cycle includes a free-living 
phase in which the animal actively seeks a new host. The free-living phase may 
be the adult, as in many insects whose parasitic larvae develop from eggs 
deposited in the host insect by the freely flying adults, or it may be larval, as in 
Sacculina, p. 565. In others again the parasite uses a second host as the vehicle 
returning it to the first. When two or more hosts are involved in the life-cycle, 
that in which sexual reproduction occurs is called the definitive host, the other (or 
others) the intermediate host. The two hosts must obviously be in such relation to 
one another that transference of the parasite is possible. Thus in Taenia solium 
and T. saginata the parasite relies upon chance and extreme fecundity to ensure 
the infection of the intermediate host (pigs or cattle), while the transference from 
the animal to man depends on our meat-eating habits. In Plasmodium, and other 
parasites transmitted by biting insects, the insect’s habit of feeding on man pro¬ 
vides occasion for transference of the parasite in either direction. However, the 
transference does not always depend on one host feeding on the other. In Schisto¬ 
soma, for example, the snail is infected by a free-swimming miracidium larva and 
man by a free-swimming cercaria. It is contact with infested water which leads 
to infection. There are cases in which the devouring of one host by the other is 
not left to chance. In Distomum rnacrostomum, a fluke parasitic in birds, the sporo¬ 
cyst is a branching structure, parts of which distend the head and tentacle of the 
snail ( Succineaputris) which is the intermediate host. These portions of the sporocyst 
are conspicuous objects for, besides being banded green and white and having 
red spots, they are pulsatile. The advertisement display attracts the attention of 
birds which peck otf the snail’s tentacles with contained portions of the sporocyst, 
in which are many young worms, and feed them to the nestlings which thus be¬ 
come infected with the fluke. 


Virulence and tolerance 

In most cases, a parasite gains nothing from the death of the host, and indeed 
usually dies with it ; though there are, of course, exceptions to this rule. Many 
parasites seem to do no harm to their hosts at all apart from the trivial amount o 
material which they take as food. In such cases the virulence of the parasite is low 
and between parasite and host there is a relationship of tolerance. This tolerance 




ADAPTATIONS OF PARASITES 


569 


must be the result of progressive adaptation 
through many generations during which those 
hosts which suffered most tended to die, and 
those parasites which most injured the host 
were destroyed in its death. The frequently 
fatal disease * nagana ’ is caused in domesti¬ 
cated cattle in Africa by the protozoan blood 
parasite Trypanosoma brucei ; the parasite is 
transmitted by a biting fly and in native 
African mammals causes no disease at all. 

The tolerance developed between the parasite 
and the African mammals by many gener¬ 
ations of the parasitic association does not yet 
exist between the parasite and the introduced 
.domestic cattle. Similarly white men suffer 

more severely from ‘ sleeping sickness \ the F .c. 377. Trypanosoma gambunse, the 
disease caused by Trypanosoma gambiense, than organism causing sleeping sickness, with 
do native Africans. There is thus a tendency ^ C r ^ ) blood corpusclcs (aflcr 
for parasite and host to set up an equilibrium, 

in which the damage done by the parasite is reduced to a minimum while the host 
is unable to prevent the parasite from infecting it. In general it is when a parasite 
has only recently taken to living in a particular host that the relationship is apt to 
end disastrously, often for both parasite and host. 



CHAPTER LI 11 


SYMBIOSIS 

The relation between a parasite and its host is to the advantage of the parasite 
and in greater or lesser degree to the disadvantage of the host. We have earlier 
met with two instances of organisms living in intimate association but both 
deriving advantage from the relationship : Hydra with its Zoochlorellae (p. 32), 
and herbivorous mammals with the cellulose-splitting bacteria in their guts (p. 
496). Such an association is a symbiosis and the organisms taking part are called 
symbionts. A mutually advantageous relation between two organisms is only 
possible if each can, without loss to itself, contribute something which the other 
needs. In general, this is not the case with two animal species, or two green plants, 
for the two animals or two green plants usually have similar needs and produce 
similar sorts of unwanted or excess materials. The food of one is the food of the 
other, the waste of one the waste of the other. But with a pair consisting of an 
autotrophic and a heterotrophic organism it is otherwise. The autotrophic organ¬ 
ism, a green plant, produces from inorganic materials carbohydrates and other 
organic substances valuable to animals, and gives off oxygen, while the hetero¬ 
trophic organism (e.g. an animal or a fungus) produces nitrogenous and other 
wastes, and carbon dioxide, which the plant requires. There is here the possibility 
of profitable exchange, and in fact we find that in most of the cases of symbiosis 
one partner is an autotrophic organism, the other heterotrophic. 

Everyone knows that corals are built by animals. 
In the fundamentals of its organisation, though with 
important differences, the coral animal resembles 
ifydra, for it is diploblastic, its only body cavity is a 
coelenteron, and it has tentacles. Most corals are 
colonial ; great numbers of individuals (formed by the 
asexual budding or division of one which developed 
from a fertilised ovum) live together, organically 
connected by their living substance. Each colony 
forms a stony calcareous external skeleton, and it is 
this which becomes the coral rock of which coral reefs 
and islands are formed. In nearly all kinds of coral, 
unicellular brown but chlorophyll-containing algae 
are found in immense numbers in the endoderm. The 
algae seem to live only in the coral and to be unable 
to exist outside it* while the coral animal can live when 
deprived of its algae. The algae are of use to the coral 
mainly in the removal of excretory substances con¬ 
taining nitrogen and phosphorous both of which are ot 
value to the algae, but they do not contribute to it 
any considerable quantity of food or oxygen. 



From Keeble, ' Plant Animals \ 
Cambridge 

Fic. 378. Convoluta roscoffensis. 
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Fig. 379- A trichonymph. 

If it is experimentally 


In other cases the symbiotic relation may have a 
different character. A small flat-worm called Convoluta 
roscoffensis lives on sandy beaches in Brittany and the 
Channel Islands. It contains in its parenchyma (p. 

51) great numbers of Zoochlonllae (p. 496) which 
make it bright green. When the young worm is 
hatched from the egg it is colourless and of microscopic 
size. It feeds voraciously and very soon becomes in¬ 
fected by the algae. The £oochlorella is, when free- 
living, a motile form with four flagella and is related 
to Chlamydomonas (p. 17). It probably enters the 
worm in the first place by being swallowed and 
thereafter multiplies rapidly in the tissues just below 
the epidermis. After a short time the worm, which 
has hitherto been eating voraciously, stops feeding but 
nevertheless continues to grow. It never eats again. 
prevented from being infected by the algae it fails to grow and dies. While growing 
and in adult life the worm is nourished by the algae. These, since they are green 
plants, photosynthesise, producing starch ; the animal is unable to digest starch 
but there is convincing evidence that droplets of fat or oil pass from the algal cells 
into the tissues of the worm. For a time this, with anything else which the worm 
may receive from the algae, suffices for its needs, even enabling it to produce fertile 
eggs, but sooner or later there seems to arise a need which is not so easily satisfied, 
and when this happens the worm begins to digest the algal cells within it. At last,’ 
it digests them all ; the worm is now white, no photosynthesis occurs within it’ 
and since it has, so to say, long since forgotten how to eat, it dies. 

In this association the animal is evidently dependent on the algae and receives 
lood from them. The algae, on the other hand, also derive advantages from the 
association. They turn to their own purposes the worm’s nitrogenous and other 
wastes which for them make its interior a luxury hotel, for nitrogen in a form 
which green plants can use is present in the sea only in very low concentrations, 
ihe bargain between the worm and the alga is, however, very one-sided : for 
although the worm shelters the plants for a time and supplies them with some of 
their needs, m the end it digests them, and they perish. The worm is, in the end, 
parasitic on its contained algae. 

K ‘ It . is i ” terestin ? to notice the alterations which this curious association has 

Si - a ,K° Ut m 6 T ° rganisms concerned. An important structural modifi¬ 
cation in the worm is the complete absence of any excretory organs ; the place of 
hese structures is taken by the algae. The algae too, are changed, for theyTose 
foeir ceU walls and the nuclei degenerate. With the loss of thenulcei the algae 

mcapab e ° f a free llfe even * the y were not ultimately digested by foe 
nar^H Symbiosis betwecn herbivorous mammals and bacteria (p. 496) has a 

SSilSH r - 

to^^^^Th^celhU ^**' & - bs ^^h foe^^e foe Ta^^tare unabfo 
digest. The cellulose is digested by the triconymphs and foe products of 
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\\,; 3K”" -jg y digestion absorbed by the ter- 

i mites as well as by the trico- 

ift i feSSa "^P* 15 - If the termites are 

/'•wRBSl§Sii& deprived of their triconymphs 

can be done b y raising the 

1 J temperature), the insects are 

' -^5- --- no l° n ger able to digest wood, 

A and die. Termites containing 

triconymphs can live appar- 
ently indefinitely on filter 
P a P er . which is pure cellulose. 
^ v . ,Zj Y;~^ ■ ?< hyphae It is not known how they ob- 

rxVyZ. A?^ |M y^Z~ q, g gc tain their nitrogen. 

It is perhaps in the lichens 

B Ife* that two diverse organisms 

From Fritsch & Salisbury, 1 Plant Form & Function ', Bell m OSt intimately Unite tO form 

a novel unity. Every lichen is 

ric. 300. Common lichens. A, Usnea barnala ; B, Par- __j„j n _ <•_, 

mWw physodes ; C, section through the thallus of Xanthoria pounded of a fungus and 

parictina. an alga. Usually, the whole 

has the form of a flattened 
more or less rounded and lobed thallus, but it may be richly branched and 
thread-like, or have other forms. Sections show the thallus to consist of an 
inter-lacing felt of fungal hyphae with small green unicellular algae embedded 
in it. The fungus is believed to obtain from the alga, organic products of 
their photosynthetic and other anabolic activities, while the algae are protected 
and receive water ; for the fungus usually sends hyphae into the surface on 
which it is growing and these absorb water from it. Further, evaporation of 
water from the algae is delayed by the still atmosphere enclosed by the fungal 
felt around them. In addition, the algae probably obtain carbon dioxide from 
the fungus and the fungus oxygen from the algae. The effect of the combination 
is the colonisation of surfaces on which neither the fungus nor the alga can live 
alone, and which aic indeed uninhabitable by any other kind of plant. Thus 
lichens are found growing on bare rock surfaces, on fences, trees, etc. ; the water- 


From Fritsch & Salisbury, 1 Plant Form & Function \ Bell 

Fig. 380. Common lichens. A, Usnea barnala ; B t Par - 
melia physodes ; C, section through the thallus of Xanthoria 
parietina. 


absorbing and -retaining power of the fungus making possible the survival of the 
algae in what would otherwise be impossibly exposed situations, while the organic 
materials synthesised by the autotrophic algae provide the necessary food materials 
for the heterotrophic fungus. The algae found in lichens also live in freedom on 
moist land surfaces, like Pleurococcus, but the fungi cannot live without the algae. 
Lichens reproduce in two ways. The fungus produces spores which, on germina¬ 
tion, grow around and enmesh suitable algae hitherto living freely and these then 
reproduce within the new mycelium ; if the young mycelium fails to ‘ capture 
suitable algae, it dies. In more usual modes of reproduction tiny bits of the thallus, 
with its contained algae, break away and grow again somewhere else, or algal 
cells may be released each enclosed in a little mesh of fungal hyphae. In this case 
the symbiosis is continued directly from one generation to the next. . 

In the great majority (estimated at more than 80 per cent) of the higher p ants 
there occurs an association between the roots and various fungi living m e so 
In some cases the fungus forms a dense felt of hyphae covering the surface of some 
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of the roots near the tips and often pene¬ 
trates into the cortex of the root, between 
its cells; in others, the superficial network 
of hyphae may be less obvious but the 
hyphae penetrate deeper and even enter 
within the cells of the root. This associ¬ 
ation is called mycorrhiza (from mycon = a 
fungus and rhiza=a root) or ‘fungus- 
root \ In some plants the relationship 
is obligatory on the higher plant; in at 
least some orchids the seed fails to germ¬ 
inate unless the embryo is infected with 
the fungus at a very early stage, while in 
the common heath (Erica) the fungus is 
transmitted in the seed and the association 
always occurs. Saprophytic plants which 
have lost their chlorophyll always have 
fungus-roots. Fungus-roots occur, too, 
in many woodland and forest trees ; the 
toad-stools of woodlands are the repro¬ 
ductive bodies of these fungi. In general 
the association occurs chiefly in plants 
living on humus soils ; such soils are 
characterised by a very high content 
of organic nitrogenous substances derived 



Fic. 381 . An example of mycorrhiza : 
part of a section through the tuber of an 
orchid, Phalaenopsis. Some of the cells 
contain fungal hyphae while others are free 
of fungus, and in some again the hyphae 
are being digested (after Bernard, from 
Bower). 


chiefly from plant decay and by their 
poverty in the inorganic salts of nitrogen, nitrates and nitrites, which the green 
plants require. It is thought that the fungus, in some way which is not completely 
elucidated, makes nitrogen-containing substances available to the green plant. 
There can be little doubt that mycorrhiza has originated as a parasitic attack by 
fungi on roots, but the higher plant, successfully resisting the attack, has been able 
to control the growth of the fungus and even to derive advantage from its presence. 
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Abdomen, cockroach, 71, 72 ; 
rabbit, 233. 

Abdominal pore, dogfish, 100, 

122 

Abducens nerve, see Cranial 
nerve VI 

Absorption of food, Amoeba , 6, 
7 ; earthworm, 59 ; small 
intestine, 327, 497 
Absorbing power (plant cells), 
467-468, 469, 470, 474 
Acacia, 201 

Accommodation of eye, 270 
Acetabular facet, dogfish, 112 
Acetabulum, frog, 162, 163 ; 
ideal pendactylc limb, 163 ; 
rabbit, 283, 284, 285, 286 
Achcnial fruit, 220, 221, 222, 
224 

Achromatic figure, 316, 317, 

358,435 

Aconite ( A coni turn ) fruit, 220, 
221 

Acoustico-latcralis (auditory 
lateral line) area, brain, 
259 

Acquired characters, inheri¬ 
tance of, 446-447 
ACRANIA, sub-phylum, 93 
Acromegaly, 267 
Acromion, rabbit, 282 
Actinomyces israeli (bovis), 529 
Actinomycosis, 529 
Activation (of ovum), 359 
Addison’s disease, 267 
Adipose tissue, 497 
Adrenal gland, 245, 267, 268 
Adrenalin, 267, 505 
Adventitious organs, 140, 203, 
205 

Accidiospores, Puccinia , 526, 

527 

Aedes aegyptx , 547, 548 
Aerial hyphac, Mucor, 522 ; 
Pythium , 524 

Afferent branchial arteries, 
dogfish, 114, 116, 117, 119 ; 
tadpole, 173 

Afferent neurones, see Sensory 
neurones 
After-birth, 420 
Agnatha , in, 455 
Agranulocytes, 344 
Agrimonia, fruit, 221 
Air sacs, 240 

Air space, fowl’s egg, 380, 381, 
4*5 


Air spaces, leaf, 198, 199, 201, 
465. 469. 47 * 

Alanine, 478, 498 
Alanyl glycine, 478 
Alary muscles, 74 
Albumen (egg-white), fowl's 
egg, 380, 381, 410, 411, 412, 
414; mammals’ egg, 405, 
4*5 J terrestrial eggs, 228 
Albumen-sac, chick, 411, 412, 
4*4 

Alcohol, 488, 529 
Aleurone grains, 224, 315, 
492 , 493 

Aleurone layer, 224, 225, 493 
ALGAE (sing.—a), 134, 138, 
140, 142, 529 ; symbiotic, 

32 - 33 » 570 , 57 *, 572 
Alimentary canal, absence 
from tapeworm, 554 ; chick, 

396 , 397 » 398, 400-40* ; 
cockroach, 73-74 ; dogfish, 
101-103 ; frog, 150-152 ; 
Planaria , 50, 51 ; rabbit, 
236-239 ; rat, 294-295 
Alisphenoid, dog, 287, 289, 
290 ; rabbit, 293 
Allanto-chorion, see Chorio¬ 
allantois 

Allantoic artery, chick, 397, 
4*4 

Allantoic vein, chick, 394, 397, 
398 , 4*4 

Allantois, chick, 394, 396, 397, 
411, 412, 413-414, 415; 
evolution of, 420 ; mam¬ 
mals, 255 ; man, 417, 419 ; 
rabbit, 418 

Alleles, see Allelomorphs 
Allelomorphs, 434 
Alligator hatching, 228 
Alternation of generations, 
algae and moss plant, 140- 
143 ; fern, 143-147 5 flow- 
ering plants, 226-227 
Alveoli of lung, 152, 240 
Alveolus (of jawbone), 234 
Amazon ant, 83 
Ameloblasts, placoid scale, 100, 

101 ; teeth, 234, 236 
AMETABOLA, sub-class, 79 
Amia, 135 
Aminases, 480 

Amino-acids, action of en¬ 
zymes, 480 ; chemical na¬ 
ture, 478-479 ; germinating 
seeds, 226 ; metabolism (ani- 
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or otherwise important passages.) 

mals), 496, 497, 498, 505, 
534 ; metabolism (plants), 

493-494 

Ammo (-NH 2 ) group, 478, 
479 , 480, 493, 494, 498 
Amitosis, 320 

Amnion, chick, 390, 393, 411- 
4 * 3 > 4 * 4 > 4*5 J evolution of, 
420 ; mammal, 408, 416, 
4 * 7 > 4 1 ® J man, 418 ; rab¬ 
bit, 418 

Amniotic cavity, chick, 394, 
412 413; mammal, 417,418 
Amniotic fluid, chick, 413 
Amoeba, 3-9, 20, 34-35, 48; 
assimilation and respiration, 
7, 8 ; contractile vacuole, 3, 
9 ; cytoplasm, 3, 4, 311 ; 
excretion, 8 ; cncystment, 
9 ; food and feeding, 3,6,7 ; 
food, uses of, 7, 8 ; growth, 
15; nucleus, 3, 9; para¬ 
sitic forms, 548-549 ; pro¬ 
toplasm, 3 ; pseudopodia 
and locomotion, 3, 4, 5, 6 ; 
reproduction, 9 ; stimulus 
and response, 5, 6 ; water 
elimination, 9 

Amoebic dysentery, 548-549 
Amocbocytcs, earthworm, 61, 
62 

AMPHIBIA, 134, 135, 228, 
232 ; earliest fossil, 454, 
455 ; see also Frog 
Amphicoclous vertebra, 107 
Amphioxus, 49, 93-9® > affini¬ 
ties, 98 ; atrium, 94-95 5 
blood vascular system, 97- 
98 ; development, 361-367 ; 
external features, 93 ; mouth 
and pharynx, feeding, 94 ; 
nervous system, 96-97 ; nu¬ 
trition, respiration, excre¬ 
tion, of embryo, 410 ; oeso¬ 
phagus and intestine, 95 ; 
ovulation, 356 ; perivisceral 
cavity, 95 ; reproductive 
system, 98 ; skeleton and 
muscles, 95-96 ; 

Amphoteric substances, 478 
Ampullary sense organs, dog¬ 
fish, 100, n6, 130, i 3 *-* 3 2 ; 
rabbit ear, 273 
Amylases, 480, 496 
Anabolism, 8, 15, 499 
Anal cercus (pi.—i)> cock¬ 
roach, 70, 72, 76 
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Anal spot, Paramecium , x I 
Anaphase, 317, 3 * 8 > 3*9 5 re¬ 
duction division, 435 - 43 $ \ 
second division of meiosis, 

437 t . 

Anapophysis, 270, 279, 200 
Ancylostoma duodenal* t 558-559 
Androccium, 209 
Angle of mandible, dog, 290 
Angulo-splenial, frog, 160, 161 
Animal pole, 361, 362, 368, 
369, 380 

Animals and plants—differ¬ 
ences between, 20-22 
ANNELIDA, phylum, see 
ANNULATA, phylum 
Annual rings, 190, 191, 192 
Annual plants, 204, 503 
ANNULATA, phylum, 49, 54, 
89,92 

Annulus, 143 
Anopheles , 547, 548, 561 
Antenna, cockroach, 71, 76, 
77 . 

Anterior abdominal vein, frog, 
150, 171, 172, 174 
Anterior cardinal sinus, dog¬ 
fish, 120 

Anterior choroid plexus, frog, 
175 ; rabbit, 257 
Anterior intercostal vein, rab¬ 
bit, 243, 246 

Anterior mesenteric artery, 
dogfish, 1x9; rabbit, 243, 

«45 

Anterior mesenteric ganglion, 
rabbit, 264 

Anterior mesenteric vein, rab- 
bit, 245, 247 

Anterior palatine foramen, 
dog, 290 ; rabbit, 293, 
294 

Anterior rectus muscle, dogfish, 
129 

Anterior vena cava, see Pre- 
caval vein 

Anther, 209,21 o, 211,213,2x4, 
215,2x6 

Anthcridial mother cell, 210, 
212, 216 

Antheridium, fern, 144, 145, 
146 ; Fucus t 43, 44 ; Pythium , 
5 * 4-535 

Antherozoids, see Spermatozoa 
Anthonomus grandis, 84 
ANTHROPOIDEA, 299 
Anti-bodies, 531, 539 
Anti-coagulants, 565-566 
Anti-enzymes, 566 
Antigen, 539 
Antipodal cells, 2x2 
Antirrhinum (snapdragon), 
flower colour, 443 
Ants, 79, 81, 82-83, 84 
Anus, Amphioxus , 93, 94, q 5 ; 
cockroach, 74; dogfish. 


100 ; earthworm, 54 ; 
NemathelmintheSy 557 ; rab- 
bit, 233, 237, 254 
Aorta, cockroach, 74 
Apes,298, 299, 300, 301, 304, 

3 ° 5 > 3 ° 6 , 307 , 3 oB> 5*8-519 
Aphids, 83, 359 
Appendages, cockroach, 71 
Appendicular skeleton, dogfish, 
111-1x3 i fr <>g» 16X-166 ; 
rabbit, 282-286 
Apple, 222 

APTERYGOTA, sub-class, 79 
Aquatic vertebrates, forms of, 

456.457 

Aqueduct of Sylvius, dogfish, 
128 

Aqueous humor, 27X 
Araschnia lev ana, temperature, 
colour pattern, 445-446 
Arboreal life and human evolu¬ 
tion, 303-306 

Archegonium, 144, 145, 146 ; 

flowering plant, 212 
Archenteron, AmphioxuSy 363, 
364, 365 ; frog, 372, 373, 

, 374 . 375 ^ 

Archeopteryx , 460 
Archeozoic era, 455 
Archcsporial cell, 143, 2x0, 

2ix 

Archesporial tissue, 209 ; flow¬ 
ering plant, 2xx 
Archincphric duct, see segmen¬ 
tal duct 

Archipallium, 262 
Area opaca, chick, 382, 383, 
3 8 7 * 4 i 1 

Area pellucida, chick, 382,383, 

384* 3 8 5 » 3 86 * 3 8 7 > 3 8 9 > 4 11 
Area vasculosa, chick, 387, 393, 
401, 411, 413; mammal, 
408, 416 

Area vitellina, chick, 411 
Areolar connective tissue, 323- 
3 * 5 * 326, 327, 328, 329, 330, 

, 334 > 34 *» 345 * 34 8 
Argyropelecus ol/ersi t 502 
Argyrophil fibres, 324 
Arterial arches, AmphioxuSy 97 ; 
chick, 389, 390, 392, 393, 
394 * 396 , 397 * 4 01 J dogfish, 
“ 9 * *73 i .frog, 167, x68, 
173 ; rabbit embryo, 246, 
248 5 tadpole, 173, 17a 
Arterial system, chick embryo, 

39 °> 39 *» 393 * 39 8 » 397 * 401 ; 
dogfish, XX6-XX9 ; frog, x68, 
169, 170, 247 ; rabbit, 241, 

* 4 * * 43 . * 44 * * 45 * * 4 8 ; 

rabbit embryo, 246-248 
Articular bone, 291, 292 
Artefacts, 315 

ARTHROP^A, phylum, 49, 
70, 71, 89, 92 
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Articular cartilage, 275, 336, 
337 * 33 8 * 33 ? 

Ascaris lumbricoides , 557, 566 
Asexual reproduction, advan¬ 
tage of, for terrestrial plants, 
142 ; Amoeba, 9 ; Chlamydo- 
monasy 18 ; Echinococcus, 556- 
557 ; liver-fluke, 550-55' ; 
Hydra t 26, 28, 33 ; Mucor y 
521-522: Parameciumy 11, 
X2, 13 ; Parasites, 568 ; 

Peronospora, 525-526 ; Plas¬ 
modium, 560, 561 ; Pleuro - 
coccus . 20 ; Pythium , 524- See 
also : vegetative reproduc¬ 
tion 

Asparagine, 494 
Aspidistra, pollination, 214 
Aspidium filix-mas , see fern 
Asplenium , 206, 207 
Assimilation of food, 7, 491 • 

49 * 

Asters, 316, 317, 318, 358 

Astrag.duSy 164, 286 

Atlas vertebra, frog, X58 ; 

rabbit, 237, 276, 277, 278 
Atriopore, 93, 94, 95 
Atrium, AmphioxuSy 94-95 
Attachment of parasites, 564- 

585 

Auditory capsule, dog, 288 ; 
dogfish, xo8,130, 132 ; frog, 
159 ; induced formation of, 
427 ; rabbit, 272 
Auditory nerve, see cranial 
nerve VIII. 

Auditory ossicles, frog (colum¬ 
ella) X77 ; rabbit and mam¬ 
mals, 271,272,273,290. 29X, 

2 ?. 2 

Auditory vesicle, chick, 390, 
390 , 394*397 ; tadpole, 377 
Auerbach's plexus, rabbit, 
265 

Auricle, chick, 392, 396, 397, 
401 ; dogfish, 115,116,1x7 ; 
frog, 167, 168; mammal 
embryo, 248 ; rabbit, 241, 
242, 246 

Australia, fauna of, 460 
Australopithecus , 307, 309 
Autonomic movements, plants, 
508, 510 

Autonomic nervous system, 97, 
*83-285* 268, 505 
Autosomes, 440, 441, 445 
Autostylic suspension, 160 
Autotrophic organisms, 21, 24, 

A 533> 570 X. 

Auxins, see hormones, plant 
Axillary bud, 181, 182, 197, 
201, 202, 204, 205, 206 
Axis cylinder, 348, 349 
Axis vertebra, 237, 276, 277 
^on, 346, 347, 34Q, 349 
Azfitobacter , 535, 537 
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Azygos vein, rabbit, 243, 246 ; 
rat, 295 

Bacillus (pi. i), 532 
Bacillus anthracis, 532 
Bacillus subtilis, 531, 532 
Bacteria, 530-539 ; Bacillus 
subtilis, 531 ; carbon dioxide 
production by, 224, 466 ; 
carried by house flics, 87 ; 
classification, 531-532 ; di¬ 
gestion of cellulose by, 496 ; 
distribution, 533 ; form and 
structure, 530-531 ; in 
world economy, 534-537 ; 
motility, 532 ; nutrition and 
respiration, 533 ; patho¬ 
genic bacteria, disease and 
resistance, 537-539 J phago¬ 
cytosis of, 344 ; photosyn¬ 
thetic bacteria, 533-534 ; 
reproduction and life cycle, 
532 ; variation in, 537 
Banana plant ( Musa sapientum), 
206 

Barberry (Berberis vulgaris ), 
526 

Basal cell, 217, 2x8 
Basal disc. Hydra , 27, 32 
Basalia, dogfish, 111 
Basement membrane, 322 
Basibranchial, 109, no 
Basidiospore, Puccinia graminis f 

526,527 

Basihyal cartilage, dogfish, 110 
Basioccipital, dog, 287, 288, 

289 ; rabbit, 292, 293 
Basisphenoid, dog, 287, 289, 

290 ; rabbit, 237, 292, 293 
Basophil leucocyte, 344 

Bat, wings of, 457, 458 
Beak, chick, 399 
Bed-bug, 545-546 
Bees, 79, 81-82, 83, 84, 216. 
Behaviour, animals, 258, 511— 
5*9 

Behaviour, plants, 508-510 
Bermuda, fauna of, 461 
Berry, 222 

Bicipital groove, rabbit 
humerus, 284, 286 
Bicuspid valve, 241 
BidcnSj fruit, 221 
Biennials, 204 

Bilateral symmetry, 48,49, 50 ; 
origin in Amphioxus ovum, 
361-362 ; origin in frog's 
ovum, 368, 369 
Bilharzia , see Schistosoma. 

Bile, 103, 239, 496, 498 
Bile duct, dogfish 102, 103 ; 

frog, 151 ; rabbit, 238, 239 
Biological control of pests, 85 
Bipedal gait, Primates in¬ 
cluding man, 300, 301, 304- 


Birds, 228, 231 ; earliest fossil, 
. 454 * 455 : wings of, 457, 458 
Bird's nest orchid, 542 
Birth, 254 

Bivalents (chromosome pairs), 

435>436 
Black rust, 526 

Bladder-worm, see Cysticcrcus 
Blastocoele, 89, 90, 91 ; Amphi¬ 
oxus, 362, 363, 364; chick, 
3 8 2, 385 ; frog, 370, 372 
373 

Blastoderm, chick, 381, 382, 
3 8 3 > 386, 387, 411 
Blastodermic vesicle (blasto¬ 
cyst), 407, 408 
Blastocyst, 407, 408, 416 
Blastodisc, fowl, 380, 381 
Blastomeres, 363, 369, 405 
Blastopore, Amphioxus , 363, 

364* 385 5 chick, 385 ; frog, 

370 , 37 *» 372 , 373 » 374 , 375 > 
376 ; mammal, 408 
Blastula, 352 ; Amphioxus , 362, 
363 ; chick, 382 ; frog, 370, 
372 ; newt, experimental 
division of, 423 
Blaita , See Cockroach 
Blind Spot, 271 
Block, see Synaptic resistance 
Blood, Amphioxus , 97 ; chick, 
387, 401 ; cockroach, 74, 
75 ; development in chick, 
387, 401; dogfish, 115; 
earthworm, 60 ; histology, 
343“344 > relation to blasto¬ 
coele, 91 

Blood corpuscles, see Leuco¬ 
cytes, red blood corpuscles 
Blood islands, chick, 387 
Blood sinuses, placenta, 419 
Blood sugar, 497, 505 
Blood-vascular system, Amphi - 
0x145, 97-98 ; chick embryo, 
see Heart, Arterial and 
Venous systems ; cockroach, 
74-75; dogfish, 1x5-121, 
>72, 173 ; earthworm, 58 ; 
60-61 ; frog, 167-174; 
rabbit, 241-248 ; relation 
to blastocoele, 91 ; tadpole, 

172-174 f a _ 

Blood vessels, development 
(chick) 387 ; relation to 
blastocoele, 91 ; structure, 
345 I oko names of 

vessels 

4 Blue sclera ’, genetics of, 449, 

45 ° 

Body cavities, see Blastocoele, 
coelome, haemocoele 
Body stalk, 417, 419 
Body wall, earthworm, 55, 56, 

57 

Boils, 538 
Bolus, 237 


Bone, 104, 323, 33 *- 338 , 497 I 
development, 33&~338; 
function, influence on devel¬ 
opment of, 429 ; growth, 
337-338 ; resorption, 337 ; 
source of calcium, 266 ; 
structure, 332-336 
Bone marrow, 157, 401 
Boron, 472 
Bot flies, 87 

Bothriocephalus lalus , see Diphyl- 
lobolhrium latum 

Bowman's capsule, 153, 326, 
505 . 

Brachial artery, rabbit, 243 
Brachial plexus, frog, 170 
Brachial vein, dogfish, 120, 
frog, 171, 172 
Brachiation, 304 
Bracken, 147 
Bract, 214 

Brain, chick. 388, 389, 390, 

391 » 394 b 395 . 397 ; cock¬ 
roach, 73, 76-77 ; dogfish, 
126-1289 130, ,259-261 ; 

earthworm, 58, 68, 69; 

evolution, 261-263 ; frog, 
*75 ; frog embryo, 374, 
375 ; function in, 257-263 ; 
functional specialisation, 
261 ; man, 297, 301 ; Plan- 
aria, 50, 51, 52, 53 ; 

Primates, 299, 300, 304, 
306 ; rabbit, 237, 256-263 
Bramble ( Rubus ), 202, 203 
Branchial arch, chick, 392, 
dogfish, 109, 115; 


398 

froc 


rog, *59> *8x ; mammal 
embryo, 291 ; tadpole, 376, 
377 . 378 

Branchial bar, Amphioxus , 94, 
Branchial clefts, Amphioxus , 94, 
95 ; dogfish, 99 ; tadpole, 

377 > 379 f ' 

Branchial nerves, dogfish, 130, 

x 3 * 

Branchial pouches, chick, 392 ; 
dogfish, 101, 109 ; tadpole, 
* 73 > 379 

Branchial rays, see Gill rays 
Breathing, cockroach, 75 ; 
dogfish, 113, 115 ; frog, 152, 
162 ; rabbit, 240 ; tadpole, 
379 

Breeding season, mammals, 


253 

Bristle-tails, 79 

Broad bean, etiolation, 499 ; 

food content of, 225 
Bronchi, chick, 400 ; frog, 152, 
*53 ; rabbit, 240, 246, 291 
Bronchioles, 240 
Brontosaurus , 229, 230 
Brown bodies, earthworm, 61, 
62 

Brownian movement, 532 
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Bryophyllum leaves, bud forma¬ 
tion, 206, 207 
Bubonic plague, 546-547 
Buccal cavity, Amphioxus , 94 ; 
chick, 399, see also Stomo- 
dacum; cockroach, 73 ; 
digestion in, 495 ; dogfish, 
101, X02 ; earthworm, 58, 
59; frog, 150, 151,153, 162; 
PUmaria y 50, 51, 52 ; rabbit, 

236-237 

Buccal nerve, dogfish, 130 
Bucco-pharynx, rabbit, 236, 
237, 240 

Bud, 181, 188, 189 
Budding, Hydray 26, 28, 33 ; 

yeast, 528 
Bulb, 205, 206 
Bulbil, 206 

Bulbilli, Amphioxus , 98 
Bulbus cordis, chick embryo, 
39 °» 39 2 > 397 > 4 °< ; dogfish, 
115, 116 ; frog, 167, 173 ; 
rabbit and mammals, 246, 
247, 248 

Bush fires, effect on germina¬ 
tion, 224 

Butcher s broom {Ruscus aculca- 
lus ) 9 201 

Buttercup flower {Ranunculus ), 
209 ; fruit, 219, 221 ; pol¬ 
lination, 215 


Cabbage White butterfly, life 
history, 80-8 x 

i 6 3 * 28 4 

CACTACEAE, 85 
Cacloblastis cactorum , 86 
Cactus (Opuntia monacantha ), 
20X, 202 

Caecum, digestion of cellulose 
in > 496 J rabbit, 237, 238 ; 
rat, 294-295. See also En¬ 
teric caeca. 

Ca lean cum, see Fibulare 
Calcar, frog, 165 

^^ Uon >.332,4 , ° 

^aiafied cartilage, 222 
Calcium, 266, 471, 472 
calcium carbonate excreted by 
earthworm, 58 
Calcium pectate, 183 
Cakmm salts, 332, 333, 4IO 
Caiyptrogen, 193 
^yx, ao9,2i5, 220 
Cambium, ofplants, excited by 
auxins, 162, 183; her- 
baceous stem, 184,186, 187, 

; secondary thickening, 
189,190, *9«, 192, ,96, , 97 , 

Cambiuir^ of periosteum, 334 
Canada balsam, 350 
Canal ceU, 145 
Canalicula (bone), 333 
Cane sugar, see Sucrose 


Canine teeth, 235, 236, 289, 
290 

Canterbury bell, {Campanula), 
213 

Capillary blood vessels, dogfish 
and craniatcs, 115; earth¬ 
worm, 60 ; frog skin, 328 ; 
permeability and lymph 
formation, rabbit, 248, 249 ; 
rabbit, 240 ; structure, 325, 
345 

Capitellum, rabbit, 284 
Capitulum of rib, rabbit, 277, 

281 

Capsule, bacterial, 530 ; fruit, 

220, 22X 

Caput epididymis, rabbit, 
252 

Carbohydrates, 225, 343, 475- 
476, 479 ; digestion and 
metabolism in animals, 495, 
496 , 49 > 49 8 J metabolism 
in plants, 491-492 ; see also 
Starch, Glycogen, Para- 
mylon 

Carbon, 47 r, 475, 478 ; cycle 
_ of * 534 . 

Carbon dioxide, excretion of, 
cockroach, 75 ; excretion of, 
earthworm, 60 ; in bacterial 
chemosynthesis, 533 ; in 
photosynthesis, 465, 482, 
483, 484 ; in respiration, 8, 
465, 486-490, 528-529; 

narcotising action on seeds, 
224 ; sources for aquatic 
plants, 201 ; sources of, for 
green plants, 201, 466 
Carboniferous epoch, 136, 228, 

_ 454 > 455 

Carbon monoxide, bacterial 
oxidation, 533 
Carboxydomonasy 533 
Carboxyl (—COOH) group, 

477 . 478 . 480 
Carboxylase, 480 
Cardiac muscle, 345-346 
Cardiac portion of stomach, 
dogfish, 191, 102; rabbit, 
237 , 23 8 

Cardinal veins, Amphioxus , 97, 
98 ; chick embryo, 390,393, 

394 , 395 , 396 , 397 J mam¬ 
mal embryo, 248 ; tadpole, 

Cardo, 72 

Camassia] tooth, dog, 289, 290 
Carotico-systemic trunk, rab- 
bit, 247, 248 

Carotid arch, frog, 167, x68, 
169 

Carotid arteries, Amphioxus , 
97; chick embryo, 396, 
397 5 frog, 167, 168, 169, 
170,173 ; mammal embryo, 
248 ; rabbit, 243, 244 
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Carotid, common, frog, 167, 
168 ; rabbit, 243, 244 
Carotid, external, frog, 168, 
169, 170, 173 ; mamma] 
embryo, 248 ; rabbit, 243 
Carotid, internal, frog, 168, 
■6q, 173 ; mammal embryo, 
248 ; rabbit, 243 
Carotid labyrinth, frog, 168, 
*69 

Carotin, 482-483 
Carnivorous plants, 543-544 
Carpals, frog, 160, 165 ; ideal 
pcntadactylc limb, 164 ; 
rabbit, 286 

Carpel, 209, 21 o, 21 x, 215,217, 
219, 220 

Cartilage, 323, 330-332, 33 &, 

^ 337 , 345 , 497 
Cartilaginous skeleton, frog, 

* 57 , <59 J rabbit and mam¬ 
mals, 274, 287, 290, 291. 
See also Dogfish, skeleton and 
cartilage 

Caruncle {Ricinus seed), 223 
Castor-oil plant, ( Ricinus) t seed 
219, 223, 225, 492 
Castration, effect of, 268 
Castes, among social insect 
82, 83, 84 
Caterpillar, 80, 81 
Cauda epididymis, rabbit, 252 
Caudal artery, Amphioxus , 97 ; 
dogfish, 107, 1x9; rabbit, 
243 ; rat,295 

Caudal fin, Amphioxus, 93 ; 

dogfish, 99 ; tadpole 377 
Caudal vein, X07 ; Amphioxus } 
98 ; dogfish, X07, X20 
Caudal vertebrae, rabbit, 275, 
281 

Causal embryology, 421-430 
Cell division, 316-320, 352 
CeU membrane, 4, 313, 3x4, 

^ 3 * 7 , 477 . 530 
CcUs, 15, 34-35 ; animal cells, 
3 * 4 - 3*5 i Plant ceUs, 183, 

Cell sap, 467, 468 
CeUulosc, 17,21, 183,225,226, 
3*8, 475, 476, 492, 495, 496, 
571-572 

Cell-wall, 21, 225, 226, 315, 
318,3x9,467-468; Chlamy- 
domonasy 17, 18, 19; Bac¬ 
teria, 530 ; Pleurococcus , 20 ; 
Spirogyra , 37 

Cement bone, 333, 336; 

placoid scales and teeth, 
*°o> 234, 235 

Cement glands, tadpole, 377, 

_ 378 , 379 

Ccnozoic era, 454, 455 
Censer mechanism, 220 
Central canal, 347, 348 ; Am¬ 
phioxus, 96 ; dogfish, 128 
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Centrale (pi. -alia), ideal pen- 
tadactyle limb, 164 ; rabbit, 
285, 286 

Centriole, 314, 315, 316, 317, 
318, 358 

Centrosome, 33, 314 ; see also 
Centriole 

Centrum (pi. -a), dogfish, 105, 
106, 107, no, 116 ; frog, 
157,158; rabbit, 275-281 
Cephalisation, 92, 133 
Ceratobranchial, dogfish, 109, 
no 

Ceratohyal, dogfish, no, hi ; 
frog, 159, 161 

Cercaria (liver fluke), 550, 551, 
568 

Cereals, 224, 493 
Cerebellum, birds, 261 ; dog¬ 
fish, 116, 128, 129, 130, 259, 
260, 261, 263 ; frog, 175, 
177 ; function, 261 ; rabbit 
and mammals, 256, 257, 263 
Cerebral cortex, 229-232, 256, 
262 

Cerebral ganglia, see Brain 
Cerebral hemispheres, chick, 

395 > 397 * 399 ; frog, * 53 * 
175 ; rabbit and mammals, 
256, 257, 262 
Cerebral vesicle, 96 
Cerebro-spinal fluid, 127, 347 
Cerebrum, dogfish, 116, 127, 
128, 130, 259 

Cervical flexure, chick, 390, 

391,393.396,398 

Cervical sympathetic ganglia, 
rabbit, 244, 263 ; rat, 295 
Cervical vertebrae, rabbit, 
276-277 

CESTODA (Tapeworms), 
Class, 549, 552-557* 585 
Chaetae, earthworm. 54, 56, 

Chalaza (pi. —ae), 380, 381 
Chemical mosaic, 429 
Chcmosynthetic bacteria, 482, 

533 

Chemotaxis, fern spermato- 
zoids,5io ; Planarians,512- 

5*3 

Chemotropism, 510 
Cherry ( Prunus cerasus) y fruit, 

221 

Chiasma (pi.—ta), 435 
Chick, development of, 380- 
404, 410-415 

Chick embryo, cleavage, 381- 
382 ; development of 
neurula, 385-387 ; extra- 
embryonal membranes, 410- 
4x5 ; four-somites embryo, 
387 ; eight somites embryo, 
388-389 ; twelve somites 
embryo, 389-390 ; twenty- 
seven somites embryo, 39o- 


393 * thirty-five somites cm- 
br >o, 393-398 ; forty-one 
somites embryo, 396-398 ; 
gastrulation, 382-383 ; later 
development, 398-404 ; me¬ 
soderm formation, 383-385 ; 
nutrition, etc., 410-415 
Chimpanzee, intelligent be¬ 
haviour in, 518-5x9 ; skull, 
297 

Chm, 305, 308, 310 
Chitin, 9, 70, 75 
Chlamydomonas , 17-19, 20, 22 ; 
form and structure, 17 ; 
locomotion, 18 ; reproduc¬ 
tion, 18-19 

Chlamydospores, Mucor, 522, 
523 

Chloragogen cells, earthworm, 
58, 59* 61, 62 
Chlorine, 471 

Chlorophyll, absence from 
animals, 21 ; absence from 
fungi, parasites, 521, 542 ; 
flagellates, 22-25 \ green 
colour of, 17 ; guard cells, 
198-199; in photosynthesis, 
20-21, 483-485 ; in roots, 
203-204 ; in symbionts, 32, 
570* 57 1 » 572 ; iron, mag¬ 
nesium and, 472 ; light 
absorbed by, 20, 482 ; pig¬ 
ments in, 483 ; ZooMorellae, 
32 , 57 * 

Chloroplasts, 483, 491 ; 

Chlamydomonas , 17, 18; 

Euglena , 22, 23, 24 ; flower¬ 
ing plant, X98 ; Spirogyra , 
37 > 38. See also Chlorophyll 
Chordae tendineae, see Ten¬ 
dinous chords 

CHORDATA, phylum, 46,49, 
92, 93 ; characters of, 93 
Chorio-allantois, chick, 4x2, 

4 , 3 " 4 I 4 > 4 * 5 > 54 ° 5 .mam¬ 
mals, 417-419 ; rabbit, 418 
Chorio-amniotic junction, see 
Sero-amniotic juntion 
Chorion, chick, 393, 411-4x3 ; 
evolution of, 420 ; man, 
4x7 ; rabbit and mammal, 
408, 416, 4x8, See also 
Trophoblast 

Choroid, chick, 391 ,399 l rab " 
bit and mammals, 270, 271 
Choroid fissure, chick, 391, 

399 

Choroid plexus, dogfish, an¬ 
terior, 128, posterior, 128 ; 
frog, anterior, 153, posterior, 

153 

Chromatid, 316, 3x7, 318, 359, 
435*437 

Chromatin, 3x4, 315, 530 
Chromatophores, 149 
Chromosome mutations, 447 


Chromosome reduction, 141, 
*43 

Chromosomes, and heredity, 
435-442 ; bacteria, 530 ; 
fertilisation, 358, 359 ; maps 
of, 439 ; meiosis, 354,356, 
435-437 ; mitosis, 316-320, 
422 ; numbers, 140-141, 
146, 208, 226 

Chromosome theory of hered¬ 
ity* 437-438, 439-440 
Chrysamoeba , 23, 25 
Cilia, Amphioxus larva, 366, 
Paramecium , 10, 11, 16; 

Planaria, 51 

Ciliated epithelium, 321, 322 
Ciliary muscles, 270, 27X 
Circulation, Amphioxus y 98 ; 
chick embryo, 393 ; dog¬ 
fish, X2X, 172; frog, 172, 
X73 ; rabbit, 242-246 
Circumcision, 251 
Circumnutation, 510 
Circumpharyngeal commis¬ 
sure, see Nerve collar 
Cladode, 20X 

Claspcr, dogfish, 100, 1x3, 122, 
123 

Clasping reflex, frog, 178 
Classification of organisms, 

46-49 

Clavicle, frog, 161, 162 ; man, 
283, 298 ; primates, 300, 
303 ; rat, 295 ; rabbit, 282, 
283 

Cleavage, 352 ; Amphioxus y 
362-363 ; chick, 380, 381, 
382 ; first division, guinea 

P»g> 358 - 359 »* frog, 369- 
370 ; mammal, 405-407 ; 
significance of, 421-423 
Climbing plants, 202, 203 
Clitellum, 54, 65 
Clitoris, rabbit, 253, 254 ; rat, 


2 94 > 2 95 

Cloaca, chick embryo, 401, 
402 ; dogfish, 99, 122 ; frog, 
150* * 5 *> * 54 > *55 ; mam¬ 
mal embryo, 255 ; tadpole, 

378 

Cloacal plate, chick embryo, 
393 

Clone, 14 

Clonorchis sinensis (Liver fluke of 
man), 551-52 
Clostridiumy 535, 537 
Clotting (blood), 343, 345 
Cnemial crest, rabbit, 285, 286 
Cnidocil, Hydra y 30 
Coagulating gland, rat, 295 
Cobalt. 472 

Cochlea, rabbit, 272, 273 
Cockroach, 49, 70-78, 79 ; 
alimentary canal, 73“74 j 
appendages, 71 72 ; blood 
vascular system, 74*“75 J 
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coelome, 90, 91 ; excretory 
system, 73, 75 ; external 
features, 70-72 ; eye, 75- 
76; fat-body, 74; peri¬ 
visceral cavity, haemocoele, 
74, 91 ; life history, 77-78 ; 
nervous system, 73, 76-77 ; 
reproductive system, 73, 77 ; 
respiratory system, 74, 75 
Cocoa, food content of, 225 
Coco-nut, 222 
Cocoon, earthworm, 54, 65 
Coccus (pi.—i), 531, 532 
COELENTERATA, phylum, 
35 » 46 , 48 

Coclenteron, Hydra , 27, 28 
Coeliac artery, dogfish, 119; 

frog, 150 ; rabbit, 243, 245 
Coeliac ganglion, rabbit, 264 
Coeliaco-mcscnteric artery, 
^og, 154, 169, 170, 172 
Coclomates, 59, 60, 89, 90 
Coelome, 48, 49, 89-92, 95 ; 
Amphioxus embryo, 365, 366, 
367 ; chick embryo, 386, 
394 * 401 ; cockroach, 74 ; 
dogfish, 103 ; earthworm, 
5^ 59 J frog, 151, 152 ; 
frog embryo, 375-376 ; 
rabbit, 239 

Coclomic epithelium, earth- 
^ worm, 56, 57 

Coclomic fluid, earthworm, 57, 
9 ° 

Cocnocyte, 521 

Co-enzyme, 479 

Cold blooded animals, 229. 

See also Poikilothcrmy 
Collagen fibres, 324, 325 ; in 
bone 333-334, 336; in 
cartilage, 331, 332 ; i n 
ligaments, 339 ; i n tendon, 
34 *> 34 2 J tension in de¬ 
velopment, 430 
Collateral sympathetic ganglia, 
rabbit, 262 

Collecting tubes (kidney), 
fr°g> * 53 » 3 2 b ; rabbit, 249, 

25® 

Collenchyma, 184, 187, 465 
CoJlcterial gland, 73, 77 
Colon, 237, 238, 295 
Colonial organisms, 39-40, 
44~45 

Colour-blindness, genetics of, 
.,449 

Colour change, frog, 149 
Columbine (Aquilegia), fruit, 
220 

Columella, frog, 159, 160, 161, 
* 77 j 291 ; Mucor , 522 
Comb types, poultry, genetics 
of, 444 

Companion cell (phloem), 186. 
187, 188 

Competent tissues, 425-426 


Compound eye, cockroach, 75- 

76 

Conccptacle, Fucus , 41, 42, 43, 
44 

Condensation, 470, 476, 478 
Conductivity, 16, 17, 31 ; 

Amoeba , 5, 6 ; cardiac 

muscle, 346 

Condylar foramen, dog, 289 
Condylar ridge, frog, 165c ' 
Condyles of femur, rabbit, 285, 
286. See also Occipital con¬ 
dyles 

Condyle (of mandible), dog, 
290 ; rabbit, 293, 294 
Cone cells, 270, 271, 347 
Conglobate gland, 73 
Conidiophores, Peronospora, 
^ 525 , 526 

Conjugation, Paramecium , 12, 
13 J Spirogyra, 37-38 
Conjugation tube, Spirogyra, 
37 , 38 

Conjunctiva^270, 271 ; chick 
embryo, 400 

Connective tissue, see Areolar 
connective tissue 
Consanguineous marriage, 448 
4 Continued embryology * 
(plants), 182, 503 
Continuous phase, (Colloids) 
3 ««> 3*2 

Continuous variation, genetics 
of, 444, 450 

Contour lamellae (bone), 334, 
335 

Contractile vacuole, 505 ; 
Amoeba , 3, 9 ; Chlamydomonas, 
x ® > Euglena, 23 ; Paramecium, 
10, 11 

Contractility, 16 
Conus arteriosus, dogfish, 1x6, 
1x7; frog, 167, 169; rab¬ 
bit, 241 

Convergent evolution, 299 
Convolute roscoffensis, 570, 571 
Convolutions of brain, rabbit, 
256 

Copper, 472 
Co pro monos, 23, 24 
Copulation, dogfish, 122, 125 ; 
earthworms, 65 ; rabbit, 
251-253, 254 

Coraco-branchial muscle, x 14, 

xx6, xx7 

Coraco-hyal muscle, dogfish, 
1 x 4 j * * 5 » x *7 

Coracoid, dogfish, xxa ; frog, 
161, x6a, 163 ; rabbit, 282, 
283 

Cora co-mandibular muscle, 

dogfish, 1x4, 115, 1x6, 1x7 
Corals, symbiosis in, 570 
Corium, see Dermis 
Cork, 190, 19a, 193, 196, 197 
Corm, 206 


Cornea, chick embryo, 400 ; 
induced formation of, 427 ; 
rabbit, 270, 271 
Corolla, 209, 215 
Corona radiata, 405 
Coronary arteries, rabbit, 243 
Coronoid process, dog, 290 ; 

rabbit 293, 294 
Corpora cavernosa, rabbit, 
251, 252, 253 

Corpora quadrigemina, rabbit, 

256.257 

Corpus callosum, 237, 257, 262 
Corpus luteum, 253, 254, 268, 
357 

Corpus spongiosum, rabbit, 
25*. 252 

Corpus striatum, 261 ; birds, 
261-262 ; dogfish, 127,260 ; 
rabbit and mammals, 257, 
262 

Correlation centres in brain, 
260, 261-263 

Cortex, kidney, 249, 250 ; 
Paramecium, 10, 11 ; root, 

I 94 "* I 95 > * 97 > 204, 469, 470 ; 
stem, 184 

Cotton boll weevil, 84 
Cotton plant ( Gossypium) seed, 
222 

Cottony-cushion scale, 85 
Cotyledon, 194, 205, 2x8, 219, 
223, 224, 225, 226 
Cotyloid, 283, 285 
Cowper‘s glands, rabbit, 251, 
253 ; rat, 295 
Cranial capacity, 308, 310 
Cranial flexure, chick, 390,391, 
393 . 396 , 398 

Cranial nerve, chick embryo, 
n >399 

Cranial nerves, frog, I, X53, 

*75-177; 11, 175; in, 

175J ,Y; '75> *76; VII, 
»75J VIII, 175, 177; ix, 
*7®, >75 1 X, 170, 175- 
>76 

Cranjal nerves, dogfish, 129- 
* 3 *> 133 J I, 129, 132 ; II, 
no, 127,128,129 ; III.ixo, 
128, 129 ; IV, xio, 128, 
*29 ; V, 108, xio, 128,129, 
130 ; VI, ixo, 128, X29; 
VII xoS,* 0 ,128, *29, x 3 o ; 
VIII, 108, X28, x 3 o ; IX, 

>08, xio, 128, 130, 131 ; X, 
* 3 ®, 13* 

Cranial nerves, rabbit, 263 ; 
I. * 37 , 270, 287 ; II, 237, 
a 56 .* 7 * \ 111,256; V, 256, 

vi 3 rr ; VI c 256 ; VII > *5 6 ! 

VIII, 256, 273 ; IX, 256 ; 

X, 244, 246, 256, 264, 265 ; 

XI > * 44 . 256. 263; XII, 

244 , 856, 263 

CRANIATA, sub-phylum, 93 
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Cranium, dog, 287-289 ; dog¬ 
fish, X07-109 ; frog, 159, 
160 ; rabbit, 292-293 
Creation, special, 1, 452 
Cretaceous epoch, 454, 455 
Cretins, 266 

Cribriform plate of ethmoid, 
dog, 287, 289 
Crocus corm, 206 
Cro-magnon man, 309, 310 
Crop, cockroach, 73 ; earth¬ 
worm, 58 

Crossing-over, 435, 436, 437, 
438-440 

Crura cerebri, dogfish, 128, 
260 ; rabbit, 257, 263 
Crypts of Liebcrkuhn, 327 
Crystalline cone, 75, 76 
Crystalloid (Protein reserve), 
492 , 493 

Cuboid, 164, 286 
Cuckoo flower ( Cardamine pra - 
tmsis), bulbils, 206 
Cucurbita , 188 
CuUx : 547 
Culicidae , 547 
Cuneiform, see Ulnare 
C us cut a europaea y 542, 543 
Cusps, dental, 235 
Cutaneous artery, frog, 154, 
168, 169, 170, 173 
Cuticle, earthworm, 55, 56, 
57 ; flowering plant, 184, 
■ 97> *98 ; tapeworm, 554 
Cuticulin, 70 
Cutin, 184 
Cuttings, 207, 503 
Cymex UctulariuSy 545-546 
Cynodcnts, 231 
Cynoglossuniy fruit, 221 
Cyst, Amoeba, 9 ; Paramecium , 

* 4 > 

Cystic duct 239 
Cysticcriosis, Echinococcus granu- 
losusy 556 ; Taenia solium , 

555-556 

Cysticcrcus, Echinococcus granu¬ 
losus , 556 ; Taenia solium and 
T . saginata , 554*556 
Cytochrome, 472, 489, 490 
Cytase, 496 

Cytoplasm, Amoeba , 3, 4 > 5 5 
animals and plants, 20 ; 
ChlamydomonaSy 17, 18 ; 

division in mitosis, 317, 318 ; 
Paramecium , 10-11 ; stream¬ 
ing movements in plant 
cells, 465-466 ; structures in, 
314-315 ; unequal division 
in cleavage, 422-423 

’Damping-off 4 of seedlings, 
523 

Dandelion (Taraxacum) fruit, 
220, 221 

Darwin, Charles, 1, 452, 4 62 


Dawn Man, see Eoanthropus 
dawsoni 

De-amination, 493-494, 498 
Death, 9, 45, 502, 503 
Deciduous teeth, 234, 235 
Decomposition, bacterial, 534, 

535 . 536 , 537 
Definitive host, 567 
Dehydration of tissues, 350 
Dehydrogenase, 489, 490 
Deltoid ridge, frog, 165 ; rab¬ 
bit, 284 

Dendrite, 346, 347, 348, 349 
Dengue fever, 548 
De-nitrification, bacterial, 536 
Dental formula, 236 
Dental lamina, 234 
Dental papilla, 234 
Dentary, dog, 290 ; frog, 160, 
161; rabbit, 235, 237; 
reptiles, 292. 

Dentine, placoid scale, 100, 
101 ; teeth, 234, 235, 236 
Dermal bones, see Membrane 
bones 

Dermatogen, 188, 189, 193, 
*94 

Dermatome, Amphioxus em¬ 
bryo, 366, 367 ; chick, 395, 
396 

Dermis, chick, 396 ; dogfish, 
100, 104, 106 ; frog, 328 ; 
mammalian, 329 
Determination, regions of em¬ 
bryo, 423-428 

Development of the individual, 
changes during, 352 ; de¬ 
fined, 16, 352 

Devonian epoch, 134, 135, 
454, 455 

Dextrose, see glucose 
Dia-geotropism, 509 
Diaphragm, 233, 237,239,240, 
244, 246 

Diaphyscs (of bones), 274, 275, 
337 

Diastase, 470-471 
Diastema, 293, 294 
Diastole, 1x6 
Dicnyodont, 231 
Dictyotay life cycle, 141, * 4 2 
Dienccphalon, chick embryo, 

39 °> 39 *> 394 * 397 * 399 \ 
dogfish, 116, 127, 128, 129, 
130, 259, 260, 262 ; frog, 
*75 > rabbit and mammals, 
256, 257, 262 

Differentiation, zone ot, in 
flowering plants, 193, 194 
Differentiation of structure, 35, 
40, 44. 91. 92 ; of cells, 352 
Diffusion, 466, 474 
Digestion, 494*496 5 Amoeba f 
6, 7 ; carnivorous plants, 

543. 544 1 chick embryo 
albumen sac, 414; chick 


embryo, yolk sac, 411 ; 
earthworm, 58, 59 ; Hydra y 
3 2 

Digestive gland, Amphioxus y 94 
Dinosaurs, 229, 30, 455 
Dioecious plants, 42, 213 
Dionaea muscipula , 543, 544 
Dipeptidases, 480 
Diphtheria, 538, 539 
Diphyllobothrium latum , 556 
Diploblastic animals, 27, 36, 
48, 90 

Diploblastic stage of embryo, 
352 ; Amphioxusy 364 ; chick, 

383 > 385 

Diplococcus (pi.—i), 531 
Diploid chromosome number, 
141, 146, 208, 358, 435 
Diplovertebrony 136 
Directive movements, 508-5x0 
Disaccharidcs, 475-476 
Disease, transmission of by 
insects, 87 ; bacterial, 537- 
539 

Dispersal of seed, 219, 226 
Disperse phase, 311, 312 
Distomum macros to mum t 48, 568 
Di-, tri-, peptides, 478, 480 
Division of labour, see Speciali¬ 
sation of function 
Dodder, 542, 543, 565 
Dog, dental formula, 236 
Dogfish, 49, 99-133 ; alimen¬ 
tary canal, 101-103 ; ap¬ 
pendicular skeleton, 111- 
113 ; blood-vascular system, 
115—121 ; body cavity and 
mesenteries, 103-104 ; ex¬ 
ternal features, 99-100 ; 
mctameric segmentation, 
*33 > nervous system, 126- 
*3* ; 259-261, 262 ; respi¬ 
ratory system, 113-1x5; 
sense organs, 13 *”*33 J 

skeleton, muscles, loco¬ 
motion, 104-106 ; skin, xoo- 
101 ; skull, X07-XXX ; 

urino-genital system, 121- 
126; vertebral column, 106- 
X07 

Dominance, 432, 443, 464 
Dorsal aorta, Amphioxus , 97 ; 
chick, 392, 393, 394* 395 * 
396, 397 ; dogfish, 1x4, 117, 
118, 119; frog, 154* l68 > 

*69, X73 ; mammal embryo, 
248 ; rabbit, 243, 245* 

246 

Dorsal fin, Amphioxus , 93 
Dorsal pore, earthworm, 54 
Dorsal vessel, earthworm, 56, 

58, 61 

Dorso-lumbar vein, frog, 171, 
172 

Double innervation, rabbit, 
265 
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Drain-pipe cells, 62, 63 
Drones, honey-bee, 81, 82 
Drosera, 543, 544 
Drosophila mclanogasUr, 439, 
44 1 -442, 443, 444, 445, 446, 

463 

Drupe, fruit, 221, 222 
Dryopithecus, 307 
Ductless glands, see Endocrine 
glands 

Duct of Cuvier, Amphioxus, 97, 
98; chick, 390, 393, 396, 
397 ; dogfish, 120 ; mam¬ 
mal embryo, 248 ; tadpole, 
*74 

Duct (of glands), 322, 323 
Ductus arteriosus, rabbit, 248 
Ductus venosus, cluck, 396,401 
Duodenal vein, rabbit, 245, 

247 

Duodenum, as endocrine 
gland, 268; dogfish, 102, 
103 ; frog, 150, 151 ; rab¬ 
bit, 237, 238, 247 ; rat, 295 


Ear, chick, 400 ; dogfish, 132, 
?33 J frog, * 77 > 233, 377 ; 
insects, 76 ; rabbit, 233, 

271-273 

Earthworm, 54 “* 9 > 89. 90, 9 L 
92 ; alimentary canal, 58- 
59 ; blood vascular system, 
58, 60-61 ; body wall, 55, 
57 ; coelome, 59, 89, 90, 91, 
92 ; external features, 54 ; 
habits and effect on soil, 55 ; 
learning, 517; locomotion, 
57 ; nervous system, 58, 65- 
69 ; reproductive system, 

83-85 

Ecdysis, 78 

Echidna, see Spiny Ant-Eater 
Echinococcus granulosus, 556-557, 
568 

ECHINODERMATA, phyl- 
um, 49, 460 

Ectoderm, 36, 89, 90, 91, 352 ; 
Amphioxus embryo, 364, 36*; : 
chick embryo, 382, 384, 395, 
413; earthworm, 55, 59; 
“°8> 37 ° > Hydra, 27-32 ; 
Planaria, 51. See also Pre¬ 
sumptive ectoderm 
Ectoplasm, Amoeba, 3, 4, 5 ; 
Paramecium, 10 

Effector neurones, see Motor 
neurones 

Efferent branchial arteries, 
dogfish, 117, 1x8, 119; tad¬ 
pole, x 73 

Efferent hyoidean artery, dog¬ 
fish, xx8 

Egg, defined, 360 ; Amphioxus , 
381, 362 ; Ascaris Ixtmbrico - 
586 ; Cabbage White 
butterfly, 80; cockroach, 


77 ; dogfish, 124, 125 ; 
fowl, 380 ; frog, 178, 368 ; 
mammals, 405, 415 ; platy¬ 
pus and echidna, 231, 415 ; 
reptiles and birds, 228, 232 ; 
Taenia solium and T. saginala, 

554.555.566 

Egg-cell, see Ovum 
Egg line, earthworm, 54 
Egg membranes, 360 ; Amphi¬ 
oxus, 361, 362 ; fowl, 380 ; 
frog, 368 ; mammals, 405 
Egg-sac, frog, 155 
Egg-white, see Albumen 
Eisenia foetida, 65 
Ejaculatory duct, cockroach, 
73 > 77 

Elastic fibres, 324, 332, 339, 


345 

El as tin, 324 

Elements required by plants 
and animals, 471-473 
Elephantiasis, 562 
Elongation offlowering plants ; 

zone of, 193, 194 
Embryo, defined, 353 ; flower¬ 
ing plant, 2x7-218,223,224, 
See Amphioxus, frog, chick, 
mammals, development of 
Embryology, vertebrate, 352- 
430 ; causal, 353 ; com¬ 
parative, 353 

Embryonal disc, 406, 407, 408, 
, 4*7 

Embryo sac (flowering plants), 
212,217,227 
Emulsification of fats, 496 
Emulsion, 311, 312, 313 
Enamel, placoid scales, zoo, 
101 ; teeth, 234, 235 
Enamel organ, 234 
Encystment, see Cyst 
Endocardial tubes, chick, 389, 
_ 390 , 397 

Endocardium, chick embryo, 
397 ; dogfish, 115 
Endochondral bone, 336-337 
Endocrine glands, defined, 
265-266, 323 ; control of 
blood sugar, 505 ; in frog 
metamorphosis, 178-170 ; 
rabbit, 266-269 
Endoderm, 36, 89,90, 91, 352 ; 
Amphioxus embryo, 364, 365, 
366 ; chick, 38a, 383, 384, 
385. 393 . 395 ; 413 ; earth¬ 
worm, 59 ; frog, 370, 375 ; 
Hydra, 27, 28, 30, 32 ; 
mammalian embryo. 406 ; 
Planaria 51 ; rabbit, 255. 
See also Presumptive endo- 
derm 

Endodermis, 185, 193, 195, 
* 96 , 470 ' 

Endolymph, 132, 272 
Endolymphatic duct, chick. 


392,400 ; dogfish, 108, 132 
frog, *77 ; rabbit, 273 
Endomysium, 342 
Endoneurium, 348 
Endoplasm, Amoeba , 3, 4, 5 ; 

Paramecium, 10 , 11 
ENDOPTERYGOTA, sub¬ 
class, 79 

Endosperm, 212, 217,218,223, 

224, 225, 226 
Endospores, 531 
Endostyle, 94, 95 
Endothelio-chorial placenta, 

420 

Endothelium, 345 
Endothermic reactions, 8, 15, 

225, 489, 492 
Endotoxins, bacterial, 538 
Energy, derived from food, 7 ; 

derived from sunlight, 20, 
21, 225 ; intake and output, 
balance of, 482 ; sources in 
seeds,- 225 ; transformations 
of, in organism, 482-490 
Energy, Law of conservation 
of, 482 

Entamoeba coli, 548 
Entamoeba histolytica, 548-549 
Enteric caeca, 73 
Enterobius vermicularis, 557-558 
Entcrokinase, 496 
Environments, external and 
internal, 504 

Enzymes, 472, 479 " 48 *» 529 ; 
m digestion, 495“49^ ; in 
respiration, 489-490 
Eoanthropus dawsoni, 308, 309 
Eocene epoch, 454, 455 
Eohippus, 455, 456 
Eosinophil, 344 
EpibranchiaJ, dogfish, X09 
Epibranchial arteries, dogfish, 
117, X18, 119 
Epicardium, chick, 397 
Epicoracoid, frog, 161, 162 
Epidermis, 321, 322, 346; 
Amphioxus embryo, 365,366 ; 
dogfish, zoo; earthworm, 
55 > 5 6 > flowering plant, 
* 84 . 189, 197, 198, 109; 
frog, 148-149, 328 ; frog 
embryo, 374 ; mammals, 
329 J Planaria, 51,52 ; tape¬ 
worm, 554 

Epididymis, rabbit, 251, 252 
Epiglottis, 236, 237, 291 
Epimysium, 338, 341, 342 
Epineurium, 348 
Epipharyngeal groove, 94, 95 
Epiphyseal disc, see Growth 
cartilage 

Epiphyseal plate, see Growth 
cartilage 

Epiphyses (of bones), 274, 275, 
337 

Epiphytes, 202, 203 
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Epithelia, 321-322 ; ciliated, 

321, 322 ; compound squa¬ 
mous, 321, 322, 328, 329; 
simple squamous, 321, 322; 
326 ; simple columnar, 321, 

322, 327, 330 ; simple 

cuboidal, 321, 322, 326, 330 

Epithelio-chorial placenta, 420 
Equatorial plate, 318 
Erectile tissue, rabbit, 251, 252 
Erepsin, 496 

Erica , mycorrhiza of, 573 
Erythrocytes, see Red blood 
corpuscles 
Esters, 476 

Ethmo-turbinal, rabbit and 
dog, 237, 289 
Ethyl acetate, 477 
Etiolation, 499, 501 
Eudorina , 40 
Euglena y 22-24 
Euglenoid movements, 22 
Eustachian foramen, dog, 289 
Eustachian tube, chick, 400 ; 
frog, 150, 151,153,177,377; 
rabbit, 237, 272 
Eusthcnoptcroriy 136 
EUTHERIA, sub-class, 296, 
298, 302 

Evocation, 425, 426 
Evocator, 425, 426 
Evolution, Theory of, 1, 2, 47, 
48, 452-464 ; evidence from 
comparative anatomy and 
embryology, 456-460 ; evi¬ 
dence from domesticated 
animals and plants, 461- 
462 ; evidence from geo¬ 
graphical distribution, 460- 
461 ; evidence from sys- 
tcmatics, 461 ; fossil evi¬ 
dence, 453-456 ; immuno¬ 
logical evidence, 462 ; 
mechanism of, 462-464 ; 
of man, 303-310 
Excretion, 498, 504-505 J 

Amoeba , 8 ; cockroach, 75 ; 
Convoluta roscoffensis , 571 ; 

earthworm, 60-63 ; Hydra , 
32-33 ; in embryos, 410- 

411, 4 » 3 - 4 > 5 , 4 1 ® . , 
Excretory system, chick, 401- 
402 ; cockroach, 73, 75 ; 
earthworm, 61-63 ; frog, 
; Elanaria, 50, 53 ; 
rabbit, 249-250, 255 ; tape¬ 
worm, 553-554 
Exine, 209, 212 
Exoccipital, dog, 287, 288, 289; 
frog, 159, 160 ; rabbit, 292, 

293 

Exocrine glands, 265,266,322- 

323, See also Glands. 
Exodcrmis, 194, 195, 196, 197 
EXOPTERYGOTA, sub¬ 
class, 79 
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Exoskeleton, cockroach, 70, 71, 
77 

Exothermic reactions, 7,8,486, 
489* p 05 

Exotoxins, bacterial, 538 
External auditory meatus, 233, 
271,272, 288, 289, 292, 398 ; 
chick embryo, 400 
External carotid artery, frog, 
^ *54 

External features, Amphioxus , 
93 ; chick embryo, 398-399; 
cockroach, 70-72 ; dogfish, 
99 “ 100 ; earthworm, 54 ; 
fern, 138-140 ; flowering 
plant, 181-182 ; frog, 148- 
150 ; Funis, 41 ; mammal 
(development of), 409 ; 
Planaria, 50 ; rabbit, 233 
External mandibular nerve, 
dogfish, 130 

External parasites, 545-548 
Exteroceptive senses, 269 
Extra-branchials, no, 117 
Extra-embryonal coelome, 
chick, 387, 395, 401, 411, 
412, 413 ; mammals, 417, 
418 ; rabbit, 418 
Extra-embryonal membranes, 
410-420 

Eye, chick, 390, 391, 399-400 ; 
cockroach, 71, 75, 76, 77 ; 
Planaria , 50, 52, 53 ; Pri¬ 
mates including man, 30.1, 
305 ; rabbit, 270-271 ; tad¬ 
pole, 377, 37 #> 379 ; see also 
347 

Fabre, J. H., 514 
Face, chick, 399 
Facial nerve, see Cranial nerve 
VII 

Facial region of skull, Man, 
297 ; Primates, 300, 304, 
305 

Facilitation at synapses, 259 
Factor, hereditary, see Gene 
Fallopian tube, fertilisation in, 
358 ; rabbit, 253, 254, 255 
False fruit, see Pseudocarp 
Fasciola he pa tic a, 549-551 
Fat, chemistry, 476-477 ; di¬ 
gestion, 495, 496 ; in blood 
plasma, 343 ; in cell mem¬ 
brane, 313 ; in protoplasm, 
3 ll >3*4>3 l 5i in seeds, 225, 
226 ; in skin, 329 ; meta¬ 
bolism, 479, 492-493, 494 * 

497 - 49 ® 

Fat-body, 74 

Fatty acids, 476, 477* 47 °> 479 * 

493.496,497.498 _ 

Feather papillae, chick, 390 
Femoral artery, rat, 295 
Femoral vein, dogfish, 120; 
frog, 171, 172 


Femur, 163, 164 ; frog, 160, 
165 ; rabbit, 285, 286 
Fenestra ovalis, frog, 159,177 ; 

rabbit, 272, 273 
Fenestra rotunda, 272, 273 
Fermentation, see Anaerobic 
respiration 

Fern, 138-140, 143-147, 227 ; 
foliage, 138 ; life cycle, 146, 
179-180, 208; microscopi¬ 
cal structure, 140 ; prothal- 
lus, >44”* 45* 227 ; roots, 
140 ; sexual reproduction, 
1 45 ” 1 47 5 spore formation, 
I 43” I 44 J stem, 139-140 
Ferrous iron, bacterial oxida- 
tion, 533 

Fertilisation, 352 ; AmphioxuSy 
361 ; ChlamydomonaSy 19 ; 
earthworm, 65 ; fern, 146 ; 
flowering plants, 216-217, 
219, 226 ; fowl, 380 ; frog, 
368 ; guinea pig, 357-359 ; 

Hydra , 34 ; internal, 228 ; 
Plasmodiumy 560, 561 ; tape¬ 
worm, 553. See also Syn- 
gamy 

Fertilisation membrane, 359 
Fibrin, 343 
Fibrinogen, 343 
Fibroblasts, 324-325* 339 * 34 2 > 
35 °> 35 1 

Fibro-cartilage, clastic, 332 ; 

white, 275, 332 
Fibrocytes, see Fibroblasts. 
Fibula, 163, 164, 285, 286, 300 
Fibulare (calcaneum), frog, 
160, 165 ; function and 

development of, in man and 
apes, 429-430 ; ideal penta- 
dactyle limb, 164 ; rabbit, 
285, 286 

Filaria bancrofli , see Wuchereria 
bancrofti 
Filariasis, 548 
Filial regression, 450 
Fin ray, AmphioxuSy 95 ; dog¬ 
fish, in, 112, 113* *23 
Fins, 163, 165; dogfish, 99, 

in, 112, 113 

Fishes, earliest fossils, 454 * 455 
Fishes, rheotaxis, 5 > 3 ” 5*4 
Fission, binary, Amoeba , 9 ; 
Paramecium , II, 12 ; Pleuro- 

COCCUSy 20 

Fissures (of brain), rabbit, 256; 

of spinal cord, 347 
Fixation of tissues, 349 “ 35 ° 
Flagella, Bacteria, 532 ; Chla - 
mydomonaSy 17, 18, 19 ; 

Euglena , 22, 23 ; Hydra, 
endoderm cells, 30, 32 ; 

Volvox y 39 
Flagellates, 22-25 
Flame cells, Planaria , 52, 53 ; 
tapeworm, 554 
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Fleas, 79, 546 - 547 . 564 
Florida velvet bean (cotton 
plant), 463 
Flower, 209, 226, 510 
Flowering plants, external 
morphology and growth, 
181-183 i leaf, 197-200 ; 
life cycle, 208-327 ; plant 
cells, 183 ; root, 193-197 ; 
saprophytic, parasitic and 
• carnivorous, 542-544, 565 ; 

stem, 184-193 
Foetal membranes, 415-420 
Foetus, 409 

Follicle cells, 356, 359, 415 
Follicle, fruit, 220, 221 
Fontanelle, dogfish, 108 ; frog, 
159 

Food and feeding, Amoeba , 6, 
7 ; Amphioxus, 94 ; earth¬ 
worm, 58 ; flagellates, 24, 
25 ; frog, 150 ; Hydra , 30, 
32 ; Paramecium , 11 ; para¬ 
sites, 565 ; Planar ia, 51 ; 
rabbit, 236-237 
F'ood as source of energy, see 
Energy 

Food reserves, amino-acids, 
493-494 ; cellulose, 476, 
492 ; fats, 314, 477, 492- 
493 . 497 .498 ; glucose, 491; 
glycogen, 476, 497, 498; 
paramylon, 23, 24 ; pro¬ 
teins, 492, 493 ; seeds and 
fruits, 217, 219, 223, 224, 
225 ; starch, 476, 485, 491, 
492 ; storage organs, mature 
plants, 195, 204, 205, 206 ; 
sucrose, 491. See also Yolk, 
albumen 

Food vacuole, Amoeba, 3, 6, 7 ; 
flagellates, 24, 25 ; Hydra, 
3 °. 32 ; Paramecium , 10, 

11 

Foot, fern plant, 144, 146 ; 

* 49 . 160, 165 ; ideal, 
164; Primates including 
man, 297, ag8, 299, 300, 
3 °*. 3 ° 3 > 3°6 ; rabbit, 285, 

2 OO 

Foramen, (pi.—ina), defined, 
lofl ; F. lace rum anterius, 
dog, 289; F. lace rum 
medium, dog, 289 ; F. 
lacerum posterius, dog, 289 ; 
F. magnum, dog, 287, 289 ; 
F. ovale, dog, 289 ; F. 
rotundum, dog, 289 ; dog- 
fish, 108 ; man, 297 ; pri¬ 
mates, 300 ; F. of Munro, 
dogfish, 127 ; rabbit, 257 

Foramina of skull, 289, 293 

Fore-brain, chick embryo, 388, 
389, 390. 391, 398 ; dogfish, 

126-127,128 ; frog, 175 

* ore-gut, chick embryo, 386, 


387. 388, 389, 390, 392, 393, 
396, 400-401 

Formaldehyde in photosyn¬ 
thesis, 484 
Formica fus ca, 83 
Fossils, evidence of evolution, 
453-456 ; man and apes, 
307-310 
Fovea, 304 

Frog, 148-180, 368-379 i a,i “ 
mentary canal, 150-152 ; 
blood vascular system, 167- 
174; coelome, 152; de¬ 
velopment, 368-379, 410 ; 
external features, 148-150 ; 
ideal pentadactyle limb, 163- 
165 ; limbs and locomotion, 
161-163, 165-166 ; lym¬ 

phatic vascular system, 174 ; 
muscles, 166 ; nervous sys- 
tem, 175-176 ; reproduction 
and life history, 178-180; 
respiration and voice, 152- 
153 ; sense organs, 176-178; 
skeleton, 157-166; urino- 
genital system, 153-157 
Fronds, fern, 138, 139, 140 ; 
Fucus , 41 

Frontal, dog, 288,289 ; rabbit, 
^ 237, 292, 293 
Frontal lobe of brain, rabbit, 
256 

Frontal process, chick, 399 
Fronto-parictals, frog, 159, 160 
Fructose, ^75, 496, 497 
Fruit, 208, 218, 219-222, 226, 
227 

Fruit fly, see Drosophila melano - 
gas ter 

Fucus, 41-44,45, 138 ; external 
form and mode of life, 41 ; 
Hfc cycle, 141, 145 ; repro¬ 
duction, 42, 43, 44 ; struc¬ 
ture and growth, 42, 43 
Function, effect on develop¬ 
ment, 429-430 

Fungi, 521-529. 542 ; carni¬ 
vorous fungi, 544 ; cultiva¬ 
tion of by ants, 83 ; lichens, 
572 ; mycorrhiza, 573 
Fusion nucleus, Paramecium , 12, 

1 3 * 14 


Galactose, 475, 476 
Galea, 72 

Gall bladder, dogfish, 103 ; 
frog. 150, 151, 172 ; rabbit, 
238,239 ; rat, 295 
Gametangium, Mucor, 522,523 
Gamete, Chlamydomonas, 19; 

^ ^4 > Hydra, 34; 
lmale) flowering plant, aia, 
a 16, 2x7 ; origin of, chicle, 
402-403 ; Spirogyra, 38; 
Volvox, 39, 40. Set also 

Gametogcnesis 
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Gametocyte, Plasmodium , 560, 
561. See also Spermatocyte 
and oocyte 

GametogenesLs, 354 - 357 . 435 - 
437 

Gametophytc, algae and moss 
plant, 141-143, 146 ; fern, 
144-147 ; flowering plant, 
210-212, 217, 218, 226, 227 
GammaruSy 445 
Ganglion, 68 

Gasserian ganglion, 129, 176 
Gastric artery, frog, 150 
Gastric juice, 495 
Gastric vein, rabbit, 247 
Gastro-hepatic artery, rabbit, 
245 

Gastrula, 352 ; Amphioxus , 363, 
frog, see Gastrulation 
Gastruladon, 352 ; Amphioxus , 
363-364 J chick, 382-384 ; 
fr°g» 37 x "374 > mammal, 
406, 407, 408 ; significance 
of, 423-427 
Gelatine jellies, 312 
Gelation and solation, 312 ; 
^ in pseudopod formation, 4-5 
Gene mutations, 447 
Genes, 3ig, 431-451 ; geno¬ 
type and environment, 445- 
446 ; linear order, 439 ; 
multiple allelomorphs, 443 ; 
multiple effects of genes, 443; 
multiple factors, 443 ; rela¬ 
tions between genes, 442- 
^ 443 . 464 
Genesis, Book of, 452 
Genetics, 431-451 
Genital pit, tapeworm, 552, 
553 

Genital pouch, 77 
Genital ridge, chick, 403 
Genital vein, rabbit, 243 
Genotype, 433, 445-446 
Genus (pi.—era), 47 
Geological epochs, 454, 455 
Geo taxis, 513 
Geotropism, 508-509 
Germ layers, 36, 48, 51, 89, 
352 . See also Ectoderm, 
endoderm, mesoderm 
Germinal epithelium, 354 
Germination of the seed, see 
Seed 

Germinative layer (epithelia), 
see Malpighian Layer 
Giantism, 267 
Gill bar, 94 

SI}’ tadpole, 376, 378 

Gill rays, dogfish, 109, no 
Gills, 148 ; dogfish, ioi, 114, 
“ 7 ; tadpole, 377> 37 s, 
79 

- *Kts, su Branchial clefts 
Gizzard, cockroach, 73 ; 
earthworm, 58, 59 


off! 
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Glands, compound, 323, 330 ; 
endocrine, 178-179, 265- 
269, 3 2 3 ; exocrine, 265, 

266, 322-323 ; flask-shaped, 
323, 328, 329, 330 ; tubular, 
323^ 3 2 7 » 3 2 9 * 33 °• See also 
under names of organs 

Glands of internal secretion, 
see Endocrine glands 
Gians penis, rabbit, 253 
Glenoid cavity, 163 ; frog, 161, 
162 ; rabbit, 282, 284 
Glomerulus, 153, 250, 326, 
505 ; chick, 402, 403 
Glossa, 72 
Glossina palpalis t 548 
Glossopharyngeal nerve, see 
Cranial nerve IX 
Glottis, chick, 400 ; frog, 150, 
151, 152 ; rabbit, 236, 237, 
240 

Gluco-proteins, 497 
Glucose, absorption, respira¬ 
tion, metabolism, 486-490, 

49 » > 494 > 496 , 497 > 49 8 > 5<>5 J 
chemistry, 475, 476 ; con¬ 
densation, 480-481, 485, 

492 ; formed in photosyn¬ 
thesis, 20, 466, 484-485 ; in 
germination, 225, 226 ; 

storage (see starch, glycogen, 
fat), 491 
Glutamine, 494 
Glycerol, 476, 477, 479, 496, 

497 . 498 , 529 
Glycine, 478 

Glycogen, chemistry, 475,476 ; 
digestion, 496 ; food reserve, 

267, 315, 419, 4 86 > 49 8 > 
505 ; in respiration, 487, 
488, 489, 490 ; metabolism, 

497 , 505 
Goblet cells, 327 
Goitre, 266 
Golgi apparatus, 314 
Gonad, 34, 90, 98, 268 ; chick 
embryo, 402—404 
Gonapophyses, cockroach, 77 
Gonocytcs, 354, 355 * 357 5 
chick embryo, 402-404 
* Goose flesh ’, 329, 506 
Goose-grass (Galium aparine ) 9 
203 

Gorilla, 297, 300, 301, 30b, 
3 ° 8 

Grades of animal organisation, 

48-49 

Graafian follicle, 356, 405 
Grafting, 207 

Granular layer, epidermis, 329 
Granulocytes, 344 
Grapes, 491 

Grape sugar, see Glucose 
Grass flower, 213, 214 
Gravity, response to, see Geo¬ 
taxis, gcotropism 
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Grey crescent (frog’s ovum), 

369 

Grey matter, 347, 348 
Groundsel (Seneeio vulgaris) 9 204 
Growth, 15, 352, 499-503 i 
bone, 337-338 ; cockroach, 
77, 78 ; curve of, 500-50x ; 
fern, 140 ; flowering plants, 
182, 188-192, 193-194, 204, 
205, 206 ; limitation of, 
502-503 ; partition of, 501- 
502 ; pituitary control of, 
267 

Growth, phase of, 354, 356, 

357.380 

Growth, cartilage of, 275, 337 
Guanin, 61 

Guard cells, 198, 470-471 
Gubcrnaculum, rabbit, 251, 
252 

Guinea pigs, experimental 
masculinisation and femini- 
sation, 268 ; fertilisation, 
357-359 

Gullet, Paramecium , 10, 11 
Gynoecium, 209 

Habit forming, 259 
Haemal arch, dogfish, 105, 106, 
107 

Haemo-chorial placenta, 420 
Haemo-cndothelial placenta, 
420 

Haemococle, 74, 91 
Haemoglobin, 60, 74, 97, 343, 
387,472,489-490 
Haemolymph, 75, 91 
Haemophilia, genetics of, 449 
Hair, 329 

Hairs on leaves, 20 x 
Hallux, frog, 165 
Hand, frog, 149, 160, 165 ; 
ideal, 164 ; Primates includ¬ 
ing man, 297, 298, 300, 303, 
304, 305, 306 ; rabbit, 286 ; 
tree shrews, 301 
Haploid chromosome number, 
141, 208, 354, 356, 35 8 > 437 
Haptotropism, 509 
Hatching, chick, 415 
Haustorium (pi.—ia), Dodder, 
542, 543; Mistletoe, 542, 
543 ; Peronospora f 525, 526 
Haversian systems, 334, 335 * 
33 8 

Hazel (< Corylus ), 213 

Head, cockroach, 71 ; rabbit, 

Head fold, chick, 386, 387, 
388, 389, 390, 392 5 mam¬ 
mal, 409, 4x7 „ „ oc 

Head of femur, 165, 285, 28b 
Head process, see Notochord, 
chick 

Hearing, sense of, insects, 76 ; 
rabbit, 273 


Heart, chick embryo, 389, 390, 
392 , 296, 397, 398, 401 ; 
cockroach, 74 ; dogfish, 
x 15-116, X17, 172, 173; 
frog, 167-169, 172, 173; 

rabbit, 241-242, 244, 246 ; 
rabbit embryo, 246-248 
Heartbeat, frog, 168-169 J 
rabbit, 241-242 
Heart wood, 191 
4 Heat ’ (mammals), 253 
Heat, production by organ¬ 
isms, 505“5° 8 

Heath, mycorrhiza of, 573 
HelianthuSy 184, 185, 195 
Hemibranch, dogfish, 114, 115 
Hemi-cellulose, 530 
Henle’s loop, 505 
Hepatic artery, frog, X50, 172 ; 
rabbit, 245 

Hepatic duct, rabbit, 239 
Hepatic portal vein, AmphioxuSy 
97, X02 ; chick, 396 ; dog¬ 
fish, 121 ; frog, 171 ; rabbit, 
2 45 > 247 

Hepatic sinus, dogfish, xx6, 
120, 121 

Hepatic vein, AmphioxuSy 97, 
98 ; chick, 396 ; frog, 171, 
172 ; rabbit, 243, 245 
Heredity, 431-451 
Hermaphrodite flowers, 213 
Hermaphroditism, parasites, 
566-567 

Heterogamy, 19, 38, 40 
HETEROMETABOLA, sub¬ 
class, 79 
Heteronema, 24 
Heterospory, 208 
Heterothallism, Mucor y 523 
Hetcrotrophic organisms, 21, 

24, 5 2I > 533 > 570 . 

Heterozygous organisms, 433, 
44 ° 

Hexacanth embryo, see Onco¬ 
sphere 

Hexose sugars, 475, 47 8 > su 
also Glucose 

Hilum (seed), 222, 223 ; 

starch grain, 491 
Hilus, rabbit kidney, 249, 250 
Hind-brain, chick, 388, 389, 
390, 391, 397 ; dogfish, 126, 
127, 128 ; rabbit, 256, 

2 57 

Hind-gut, chick, 393* 39 8 ; 

cockroach, 73 
Hippobosca equina , 564 
Hippocampal formation, rab¬ 
bit, 256, 257, 262 
Histological methods, 349 “ 35 * 
Histology, 321 
Holdfast, Fucusy 41, 4 2 
Holoblastic cleavage, 382, 405, 
408 

Holobranch, dogfish, 114, 115 
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HOLOMETABOLA, sub¬ 
class, 79 

Holophytic nutrition, 21, 24 
Holozoic nutrition, 21, 24, 25 
Homoiothermy, 229, 231, 232, 
24B, 296, 505-507 
Homologous chromosomes, 

435 > 437 ; 440 . 

Homo neandertnalcnsiSy 309, 310 

Homospory, 208 
Homozygous organisms, 433 
Hook-worms, 558-559 
Hormones, animal, 179, 266- 
269 ; plant, 182, 509 
Homy layer, epidermis, 329 
Homy rays, see Fin rays 
Horse, modem (Equus), 455, 
45 ® 

Horses, fossil, 455-456 
Host, defined, 520 ; change of, 
by parasites, 568 
House fly, 88-87 
Humerus, frog, x6o, 165 ; ideal 
pentad actyle limb, 163, 164; 
rabbit, 282, 284, 286 
Huntingdon‘s chorea, genetics 
of, 449 

Hyaline cartilage, 330-332, 

HyJatid cyst, 558-557 
Hydra, 28-36, 48, 65, 89, 91 ; 
compared with multicellular 
35-36 ; compared 
with unicellular animals, 34- 
35 5 ectoderm, 27, 28, 29, 
3 °- 3 2 > endoderm and di¬ 
gestion, 28, 30, 32 ; external 
features, 26-27 ; locomotion 
27; reproduction, a6, 28, 
33-34 ; symbiosis, 30,32-33 
Hydrochloric acid, stomach, 

h St^i 47 -d * 75, 4781 

pactenal oxidation, 533 ; 
in respiratory mechanism, 
4®9 

Hydrogenomonas , 533 
Kydrolysis, 466, 470, 476, 477, 

Hyioj^iytes, 200 


Hyoid, dog, 290-291 ; frog, 
* 5*9 *8o, 162 

392 , 394 , 
399 > dogfish, 109, no; 

161, 291 ; mammal 
embryo, 291 ; tadpole, 376, 

Hyoid pood,, chide, 392 ; dog- 
ioij set also Spiracle ; 

377, 37 ? 

Mg ar " ry ’ dogfish. «0, 
Hyoidcan nerve, dogfish, 130 

2 P 


Hyomandibula, dogfish, no ; 
frog, 160, 161, 177, 2 9 x ; 
mammal embryo, 291 
Hyomandibular nerve, dogfish, 

130 

Hyostylic suspension of jaw, 
dogfish, 110 

Hypertonic solutions, 467 
Hyphae, 542,544 ; Mucor, 521, 
52 «> 5 2 3 ; Peronospora, 525 ; 
Phycomyces , 521 ; Pythium , 

5^4 

Hypapophysis, 279 
Hypobranchial, dogfish, 109, 
no, III 

Hypoderma bovis , 87 
Hypoderma line alum, 87 
Hypoglossal nerve, frog (1st 
spinal), 170, 176; rabbit, 
set Cranial nerve XII 
Hypopharynx, cockroach, 73 
Hypophysis, chick embryo, 
392, 400, 4x2 ; frog, 179 ; 
rabbit, 266-267 
Hypothalamus, 260, 262 
Hypotonic solutions, 467 

I eery a purchase, 85 
IcthyosauruSj 229, 455, 456, 458 
Ileum, dogfish, X02, 103 ; frog, 
151 ; rabbit, 237, 238 
Iliac artery, dogfish, 119 ; frog, 
169, X70 ; rabbit, 243, 252 ; 
rat, 295 

Iliac process, dogfish, 112-113 
Iliac vein, rabbit, 243, 252 ; 
rat, 295 

Ilio-lumbar artery, 2 ; rabbit, 
243, 252 ; rat, 295 
Ilio-lumbar vein, rabbit, 243, 
252 

Ilium, Cacops , 162, 163 ; frog, 
162, 163 ; rabbit, 279, 281, 
283, 284, 285 

Immortality, unicellular or- 
ganisms, 9, 45, 502 
Immunity, 539 

Implantation, mammalian 
embryo, 407, 415, 4x6 
Incisor teeth, 235, 236, 237, 
289, 290 

Incus, 272, 290, 291, 292 
Individuation, 426-428 
Indophcnol oxidase, 489, 490 
Induced movements, plants, 
508-510 

Induction, 424-427 
Indusium, fern, 139, 143 
Inferior jugular sinus, dogfish, 

120 

Inferior oblique muscle, dog¬ 
fish, 129 . 

Infra-orbital foramen, dog, 
289 

Infra-orbital ridge, dogfish, 

xo8 


Infundibulum, chick, 391, 400; 
dogfish, 127; frog, 175; 
rabbit, 257, 266 
Ingestion, Amoeba , 6 
Inguinal canal, rabbit, 250, 
251 

Inner cell mass, mammalian 
embryo, 406, 407, 417 
Inner ear, frog, 177 ; rabbit, 
271, 272, 273 

Innominate artery, mammal 
embryo, 248 ; rabbit, 243 
Innominate vein, frog, X71, 
* 7*9 174 

Inorganic substances, supply 
to embryos, 410, 411 
INSECTA, class, 70, 79-88 
Insectiuoray 298, 301 
Insect pests, 84-87 
Insects, 79-88 ; and man, 84- 
88 ; classification, 79 ; com¬ 
parison with human societies, 
83 “% > earliest fossil, 454, 
455 ; Hfc history, 79-81 ; 
parthenogenesis 82, 359 ; 
pollination by, 214-216 ; 
social life, 81-83. <*ko 
Cockroach 

Insertion (of muscle), 338, 

T 342 n 
Instar, 78, 79 

Instinctive behaviour, 261* 
_ 514 - 5*8 
Insulin, 268, 505 
Integration, 16, 17, 35, 45. See 
also Nervous system, endo¬ 
crine glands 

Integuments, 210, 2x1, 227 
Intellect, human, 297, 305- 
306, 450-451 

Intelligent behaviour, 258, 

5 * 8 - 5*9 

Inter-auricular septum, chick, 
396,401 ; frog, 167 ; rabbit, 
241, 246 

Intercalated discs, 345, 346 
Intercellular fluid, 248 
Intercellular substances, 321, 

323 . 324 > 332 , 345 
Intercondylar groove, rabbit. 
286 

Intercostal artery, rabbit, 243, 

246 

Intercostal muscles, rabbit, 
240, 243 

Intermediate host, 568 
Intermedium, frog, 165 ; ideal 
pentadactylc limb, 164; 
rabbit, 286 

Internal carotid artery, dog¬ 
fish, 108, 109, xi4t 117-X18, 
119 ; fro£, 154, 170 
Internal drive, instinctive be¬ 
haviour, 515 

Internal mammary artery, 
rabbit, 243 

U.B. 
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Internal mammary vein, rab¬ 
bit, 243, 246 . 

Interneural plate, dogfish, 107, 

no 

Inter-nuncial neurones, 66, 67, 
2 5 8 > 259, 263, 346, 347, 
348 

Interoceptive senses, 269 
Interorbital canal, no 
Interorbital septum, rabbit, 
292 

Interparietal, dog, 287, 289 ; 

rabbit, 237, 292, 293 
Interstitial cells, Hydra , 28, 30 ; 
testis, 355 

Interstitial systems (bone), 334, 
335 

Interventricular septum chick, 
401 ; rabbit, 241, 246 
Intervertebral disk, 275 
Intervertebral foramina, frog, 
159 

Intestinal epithelium, earth¬ 
worm, 59 ; mammal, 527 
Intestinal portals, chick em¬ 
bryo, 386, 387, 393 
Intestine, absorption from, 
497 ; Amphioxus , 94, 95 ; 
chick embryo, 400-401 ; 
digestion in, 496 ; dogfish, 
102, 103 ; earthworm, 56, 
5 8 > 59 J Planaria , 50, 51, 5 * \ 
rabbit, 237 ; tadpole, meta¬ 
morphosis, 379 

Intcstino-dorsal vessel, earth¬ 
worm, 61 
Intine, 210, 212 
Intra-cmbryonal coelome, 
chick, 386, 395, 401 
Invcrtase, 496 
Iodine, 472 

Iris, chick embryo, 399, 400 ; 

rabbit, 270, 271 
Iron, 471, 472, 478 
Iron bacteria, 533 
Irregular nutrition, 520 
Irritability, Amoeba , 5, 6 
Ischio-pubic bar, dogfish, 112- 

Ischium, CacopSy 162, 163 ; 
frog, 162, 163 ; rabbit, 254, 
283, 284, 285 
Islands, fauna of, 460-461 
Islets of Langcrhans, 268, 505 
Isogamy, 19, 38, 40, 41 
Isotonic solutions. 467 
ISOPTERA, order, 81 
Iter, rabbit, 257 
Ivory, 236 

Ivy ( Hedera helix), 202, 203 

Java man, see Pithecanthropus 
Jaws, chick, 399 ; dog, 289- 
290; dogfish, no, hi ; 
frog, 159, 160, 161 ; tadpole, 

377 
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Joint, Arthropods, 71 ; verte¬ 
brates 336, 33&-339> 346 
Joint capsule, 338 
Joint cavity, 338, 339 
Jugal, dog, 289, 290 ; rabbit, 
2 93 > 294 

Jugular veins, frog, internal, 
171, 172, 174; external, 
171, 172 ; rabbit, internal, 
2 43> 2 44 ; external, 243, 
244, 248, 249 ; rat, internal, 
295 ; external, 295 
Jurassic epoch, 454, 455 
Juvenile amaurotic idiocy, in¬ 
heritance of, 448-449 

Katabolism, 8, 15, 499 
Keel (pea flower), 215, 216 
Keratin, 148, 149, 328 
Kidney ducts, dogfish, 122, 
126, 156 

Kidneys, 498 ; chick, 402 ; 
dogfish, 1 2 1, 122, 125, 126 ; 
frog, 153, 154, 326 ; func¬ 
tion, 505 ; vertebrates, 155- 
* 5 8 

Kineses, 511-512 
Kiwi, vestigial wing, 458 
Klinostat, 508-509 
Krause’s membrane, 341 
Kromdraai skull, see Paranthro - 
pus 

Labial cartilage, dogfish, no, 
111 

Labial palp, cockroach, 71, 72, 

76 

Labium, 71, 72, 73 
Labrum, cockroach, 71, 73 
Lachrymal bone, dog, 288, 
289 ; rabbit, 293 
Lachrymal foramen, dog, 288 
Lacinia, cockroach, 72 
Lactic acid, 487, 488, 489, 490 
Lactose, 476 
Lacunae (bone), 333 
Ladybird beetle, 85 
Lagena, chick embryo, 400 ; 

dogfish, 132 ; frog, 177 
Laevulosc, 475, 476 
Lamark, 452 

Lamina of leaf, 182, 197, 203 
Land, extra-embryonal mem¬ 
branes and life on, 414, 415 
Land animals, origin of, 134- 
135, 148, 228 

Land plants, origin of, 134, 
454, 455 

Laryngo-tracheal groove, chick 
embryo, 394 

Larva, defined, 353 ; Amphibia , 
228 ; Amphioxus , 366 ; frog 
—see Tadpole ; insects, 79, 
80 

Larynx, frog, 152, 153 ; rabbit, 
237, 240, 244, 291 


Lateral abdominal vein, dog¬ 
fish, 120 

Lateral cutaneous vein, dogfish, 
121 

Lateral dorsal aorta, Amphioxus , 
95 > 97 J chick, 389,390, 392, 
39 8 , 397 5 dogfish embryo, 
119 ; rabbit embryo, 246 
Lateral fold (of body), chick, 
39 a ~ 39 I > 393 \ mammal, 
409 

Lateral line, dogfish, 100, 131 
Lateral neural vessel, earth¬ 
worm, 56, 61 

Lateral plate mesoderm, 133 ; 
frog> 374 > 375 J chick, 386, 
395 >401 

Lateral roots, 195, 197 
Lateral vein, tadpole, 174 
Lateralis nerve, dogfish, 130, 
1 3 1 

Lathraea squamaria , 542 
Law of Independent Segrega¬ 
tion, or Assortment, of 
Genes, 434, 440 
Leaf, 138, 181, 197-200, 509 
Leaf-cutter ants, 83 
Leaf-fall, 200 

Learning, power of, 258, 259, 

516-519 

Lecithin, 477 
Leech, 566 

Leg, caterpillar, 80 ; cock¬ 
roach, 72 ; frog, 149-150, 
160, 165-166 ; ideal penta- 
dactylc limb, 163-164; 
rabbit, 275, 284-286 
Legionary ants, 82-83 
Legume, 220, 221 
Leguminosae , 215 
LEMUROIDEA, 298 
Lemurs, 298, 299, 300, 304 
Lens, chick, 391, 394* 399 '> 
frog, induction of, 427 ; 
rabbit, 270, 271 
Lenticel, 192, 465 
LEPIDOPTERA, order, 80 
Lepidosteusy 135 

Leucocytes, chick embryo, 
401 ; cockroach, 74; re¬ 
sistance to disease, 538 ; 
vertebrates, 325, 343, 344 
Leucoplast, 491 
Leydig’s gland, dogfish, 122 
Lichens, 572 

Lienogastric artery, dogfish, 
119; rabbit, 245 
Lienogastric vein, rabbit, 

245 

Life, duration of, plants, 503 
Life cycle, fern, X 43 " I 47 ; 
flowering plants, 226-227 ; 
Mucory 521-523 ; Peronospora , 

525- 526 ; Puccinia grammis, 

526- 527; Pythium , 524- 

525 
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Life history, cockroach, 77-78 ; 
frog, 178-180 ; house-fly, 
86^87 ; other insects, 79—8 f; 
Taenia solium and T. sagin- 

554-555 

Ligament, 278, 323, 339, 

430 

Ligamentum nuchac, 339 
Light, action on germinating 
seeds, 226 ; effect on growth, 
501 ; in photosynthesis, 20- 
21, 24, 482-484 ; reactions 
of organisms to, 18, 23-24, 
66 

Lignin, 183, 185 
Lily (Lilium bulbi/erum), bulbils, 
206 

1 Limax * Amoeba , 5 
Limb bud, chick, 394,395, 396, 
398; tadpole, 378, 379 
Limbs, frog, 149, 378, 379 ; 
man, 297-298; Primates, 
300, 303, 305 ; rabbit, 284- 
286 ; supernumary, induc¬ 
tion of, 427 
Limnaea tnmcatula , 550 
Lingual artery, frog, see Caro¬ 
tid, internal 

Lingual vein, frog, 171, 172 
Lingula , (Lamp-shell), 464 

Linkage, 438 - 44 «»» 44 I- 44 3 
Lipase, 496 
Lips, rabbit, 233 
Liver, 496, 497, 498 ; chick, 
394 . 398 , 400. 40 « 5 dogfish, 
102, 103, 121 ; frog, 151 ; 
frog embryo, 374 ; rabbit, 
238, 239 

Liver fluke of sheep, ( Fasciola 
hepalica), 89, 549-55*. 568 
Liver-worts, 142-143 
Lobi inferiores, dogfish, 127, 

128 

Locomotion, Amoeba, 4, 5, 16 ; 
bacteria, 532 ; Chlamydo- 
monas, 17, 18 ; dogfish, 106 ; 
earthworm, 57; EugUna, 
22, 24; frog, 165-166; 
Hydra, 27 ; Paramecium, 10, 
i t, 16 ; parasites, 564-565 ; 
.Planana, 51, 52; rabbit, 
279-280 ; Volvox, 39 
Long bones, structure and 
development, 33a, 335, 336, 
337 i mechanical efficiency, 
r 334 * 336 

Lotus comiculatus, fruit, 221 
Louse (Pcdiculus spp., Phthi- 

j 79 > 545 * 546 
Lualia serxeata, 87, 88 
Lumbar vertebrae, rabbit, 278- 
280 

Lxmbricus, see Earthworm 
Luna turn, 164. See inter¬ 
medium 

Lung-fishes, 135' 


Lungs, chick, 400, 415 ; frog, 
148, 152, 162, 379 ; rabbit, 
240, 241, 246 
Lupin, growth curve, 500 
Lymph, 344, frog, 174 ; rab¬ 
bit, 248, 249 

Lymphatic vascular system, 
frog, 174 ; rabbit, 248-249 
Lymphatic vessels, frog, 1 74 ; 
intestinal villi, 327, 497 ; 
rabbit, 248, 249 ; Wuchrreria 
in, 562 

Lymph glands, 249 
Lymph heart, frog, 174 
Lymph nodes, 249 
Lymphocyte, 249, 344 


Macro-gamete, Plasmodium , 
560, 561 

Macrolecithal ova, 380 
Madurella mycetomi , 529 
Maggots, phototaxis, 513 
Magnesium, 471, 472 
Magnum, 164 
Maize, food content of, 225 
Malaria, 548, 559-562 
Malic acid, 145, 146 
Malleus, 272, 290, 291, 292 
Malpighian body, chick, em¬ 
bryo, 402, 403 ; frog, 153, 
326 ; function, 505 ; rabbit, 
2 49 > 250, 255 ; vertebrate 
kidneys, 155, 156 
Malpighian layer (epithclia), 
322, 329, 502 

Malpighian tubes, cockroach, 

x 7 * 75 

Maltases, 480, 496 
Maltose, 476, 480, 495, 496 
Mai thus, 462 

Mammal-like reptiles, 231, 

Mammals, characters of, 229 ; 
classification, 296 ; develop¬ 
ment of, 405-409, 415-420 ; 
earliest fossil, 454, 455 ; 
nutrition, respiration, pro¬ 
tection, excretion of em¬ 
bryo, 415-420 ; origin of, 
229. See also Rabbit 
Mammary gland, 232, 233, 296 
Man {Homo sapiens), amnion, 
4*7 ( 7 ) ; arboreal life and 
human evolution, 303-306 ; 
characteristics, 296-298 ; 
chromosome number, 320 ; 
dental formula, 236 ; foetus* 
4*6; fossil history, 303 ; 
growth, 500, 501 ; heredity 
447 - 45 *.; limbs, 458; 
olfactory epithelium, 270; 
ovulation, 356; pectoral 
girdle, 283; relatives among 
raamr ^, 298-302 ; sys¬ 
tematic position, 296 
Manatee, 456 
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Mandible, cockroach, 71, 72, 
73 ; dog, 290 ; man, 305 ; 
rabbit, 293, 294 
Mandibular arch, chick em¬ 
bryo, 392, 394, 399 ; dog, 
288-290 ; dogfish, 109 ; 
tadpole, 376 

Mandibular nerve, dogfish, 
129, 130 

Mandibular vein, frog, 171, 
172 

Manganese, 472 
Maple (Acer) fruit, 219-220 
Marrow cavity, 334, 335, 337 
Marsupials, 232, 296 
MARSUPIALIA, 296 
Mason bees, nest building, 514- 
5 * 5 . 

Mastoid portion of periotic, 
dog, 288 ; rabbit, 292, 293 
Masscter muscle, 294 
Maturation, phase of, 354, 356, 
357 > 35 ® ; Amphioxus, 361 ; 
frog, 368, 369 

Maxilla, cockroach, 71,72, 73 ; 
dog, 288, 289, 290 ; frog, 
x6o, 161 ; rabbit, 235, 236, 
* 93 * 2 94 

Maxillary nerve, dogfish, 129, 

130 

Maxillary palp, cockroach, 71, 
72, 76 

Maxillary process, chick, 399 
Maxillo-turbinal, dog and rab¬ 
bit, 237, 289 
Mazes, 5x7-518 
Mackel’s cartilage, dog, 290 ; 
dogfish, x 10, in ; frog, 159, 
161,291 ; mammal embryo, 
291 

Medulla (kidney), 249, 250 
Medulla oblongata, chick em¬ 
bryo* 394 ; dogfish, 128,129, 
* 3 °> * 3 , » 259, 260 ; frog, 
X75 ; rabbit, 256, 257, 263, 
265 

Medullary rays, 185, 189, 190, 
*96. *97 

Medullary sheath, 348, 349 
Medullary tube, see Neural 
tube 

Mcganucleus, Paramecium, 10, 
»*• *3 

Megasporangium, 210, 227 
Megaspores, 208, 2x1, 21a, 
218, 226, 227 ; formation of, 

210, 2KX 

Mcgasporophylls, 208,210,227 . 
Megatherium, 531 
Meiosis, 435-^38, 439 ; algae 
and moss plant, 141, 143, 
143 ; flowering plants, 209, 
210; gametoganesis, 354; 
Paramecium , 12 ; Plasmo¬ 

dium, 561 

Meissner’s plexus, rabbit, 365 
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INDEX 


Melophagus ouinus, 564 
Membrane bones, 157, 287, 

336 

Membranous labyrinth, chick 
embryo, 392 : development— 
see also Auditory vesicle ; 
dog, 288 ; dogfish, 132 ; 
frog, 177, 377 ; rabbit, 272, 
2/3 

Mendel, Abbot, 431 
Mendel's Laws, 432 - 433 - 434 - 
437-438, 440 , 448 
Meningitis, 529 
Menstruation, 268 
Mento-meckelian, frog, 160, 
161 

Mentum, cockroach, 72 
Meristem, 182, 188, 189, 193, 
503 

Meristcmatic cell, 183 
Meroblastic cleavage, 381- 
382, 408, 414 
Merozoites, 560, 561 
Merychippus , 455 
Mesencephalon, see Mid-brain 
Mesenteric artery, frog, 150 
Mesenteron, Amphioxus , 364, 

365, 366 ; chick embryo, 
388, 395 J cockroach, 73 ; 
defined, earthworm, 59, 92 ; 
frog embryo, 374, 375 

Mesentery, dogfish, 103, 104 
Mesethmoid cartilage, dog, 
287, 288 ; dogfish, 109 
Mesocardium, chick, 390, 
401 

Mesoderm, defined, 36, 48, 8^- 
90, 352 ; Amphioxus embryo, 
3 6 4-3^5, 366-367 ; and 

metameric segmentation, 92; 
chick embryo, 382, 384, 385, 
386, 395 ; earthworm, 57, 
59 ; fro S> 3/0 ; frog cm- 
brvo, 374, 375, 376 ; mam¬ 
mal embryo, 407-408 ; 
Planaria , 51 ; relation to 
coelome, 89, 90. See also 
Presumptive mesoderm 
Mesodermal sacs, 89, 90, 92, 
96 ; Amphioxus embryo, 365, 

366, 375 

Mesodermal visceral arches, 
chick embryo, 394 ; dogfish, 
109, 119 ; fr°g* *59 ; ud - 
polc, 376, 379 

Mesoderm crescent, see Pre¬ 
sumptive mesoderm 
Mesoderm formation, 352 ; 
Amphioxus , 364-367 ; chick, 
383-385* 399 ; fro g’ 372 , 
373 * 375 > ram 111131 ’ 4 ° 7 » 
408 

Mesogloea, Hydra , 27, 28, 29, 
3°, 91 

Mesonephric duct, see Wolffian 
duct 


Mesonephric tubules, chick 
embryo, 395,402,403 ; frog, 

174 ; rabbit, 255 ; verte¬ 
brates generally, 155, 156 
Mesonephros, chick, 394, 395* 
402, 403, 414 ; frog embryo, 
375 ; rabbit, 255 ; verte¬ 
brates generally, 155-156 
Mesophvll, 198, 199, 469 
Mesophytes, 200, 201 
Mesopterygium, dogfish, 112 
Mesorchium, dogfish, 121, 122 
Mesothorax, caterpillar, 80 ; 

cockroach, 70, 72 
Mesovarium, dogfish, 125 
Mesozoic era, 454, 455 
Metabolism, 8, 15, 491-498 
Metacarpal, frog, 160, 165 ; 
ideal pentadactylc limb, 164; 
rabbit, 286 

Metacromion, rabbit, 282 
Metameric segmentation, 91- 
92, 96 ; chick embryo, 386 ; 
dogfish, 133 

Metamorphosis, defined, 353 ; 
frog, 178-179* 378 , 379 ; 
insects, 79, 80-81 
Metanephric duct, 255 ; chick 
embryo, 402 ; rabbit, 255 
Metanephros, x 56, 255 ; chick 
embryo, 402, 414 
Metaphase, mitosis, 31773*®* 
319 ; reduction division, 

435.436 

Metaplastic inclusions, 3x4, 
3*5 

Metapleural fold, Amphioxus , 
93 * 94 > 387 

Metapophysis, rabbit, 278,279, 
280 

Metapterygium, dogfish, 112 
Metatarsals, 164 ; frog, 160, 
165 ; rabbit, 285, 286 
METATHERIA, 296 
Metathorax, caterpillar, 80 ; 

cockroach, 70, 72 
Metaxylem, 186,187,190,195, 
196 

Methane, bacterial oxidation, 
533 

Methanomonas, 533 
Microcebus murinus, 299 
Micrococcus (pi.—i), see Coccus 
Microdissection apparatus, 311 
Micro-gamete, Plasmodium , 

560,561 

Micro-lecithal ovum, 301, 405, 
408 

Micronucleus, Paramecium, 10, 
ix, 12, 13 

Micropyle, 210, 2x7, 222, 223 
Microsporangium, 209, 210 
Microspores, 208, 209, 210, 
218, 226, 227 

Microsporophylls, 208, 209 
Microtome, 350 


Mid-brain, chick, 388, 389 

39 <>* 39 ** 394 * 397 ; dogfish, 
116, 126, 127-128, 129 ; 
frog, 175 ; rabbit, 256, 257, 
263 

Middle ear, chick, 400 ; frog, 
* 77 * 377 .; rabbit, 271, 272 
Mid-gut diverticulum, Amp} ii- 
oxus, 94, 95 

Middle lamella, 183, 185, 318, 
3*9 

Milk teeth, see Deciduous teeth 
Miocene epoch, 307 
Miohippus y 455 

Miracidium larva (liver fluke), 
550 , 55 *» 586, 567, 568 
Mistletoe, 542, 543 
Mitochondria, 314 
Mitosis, 316-320,351 ; Amoeba , 
9 ; animal cells, 316-318 ; 
equality of, 422 ; Para - 
median , 11 ; plant cells, 318- 

319 ; significance of, 319- 

320 

Mitral valve, rabbit, 241, 242 
Molar teeth, 235,236,289,290, 
294 

MOLLUSCA, phylum, 49 
Molybdenum, 472 
Monkeys, 298, 299, 303, 304, 
305,306 

Monoblastic stage of embryo, 

352.363.370,382 

Monocotyledons, 218, 224 
Monocyte, 344 
Monoecious plants, 42, 213 
Mononuclear leucocytes, see 
Monocyte 

Monosaccharides, 475, 476 
MONOTREMATA, 296, 381, 
460 

Moral traits, heredity in, 451 
Mosquitoes, 547 - 54 ®* 58 ** 582* 

584 

Moss, life cycle, 142, X46 
Motor areas of brain, 303 
Motor centres in brain, 259, 
260, 261, 262 

Motor nerve fibre, 67, 259, 263, 


349 

otor nerves, 9 5 

otor neurones, 66, 67, 128- 

*29. 348 , 348 * 349 

outh, Amphioxus , 94 ; cock¬ 
roach, 73 ; dogfish, 99 ; 
earthworm, 54, 58 ; frog, 
150 ; Planaria , 50, 52 ; rab¬ 
bit, 233 ; tadpole, 378, 379 
outhparts, butterfly, 81 ; 
caterpillar, 81 ; cockroach, 

7 *» 77 . , _ 


273 

Mucigca, 327 
Mucin, 327. 497 
Mucor, 521-523 
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Mucous membrane, intestine, 
3 2 7 . 

Mullerian duct, chick embryo, 
402, **04 ; frog and verte¬ 
brates generally, 156, 157 ; 
rabbit, 255 ; rat, 295 
Multicellular organisms, 15,-44, 

45 . 

Multiple allelomorphs, 443 
Multiple effects of genes, 443 
Multiple factors, 443-445 
Multiplication, phase of, 354, 
357 

Muse a domestica , 86 
Muscle, see Cardiac, smooth, 
striped, muscle 

Muscle fibres, earthworm, 56, 
57 ; Planaria , 51. See also 
Smooth, striped, cardiac 
muscle 

Muscle processes, Hydra , 28, 
3 *> 3 2 . 

Muscles, Alimentary canal of 
earthworm, 59 ; Amphioxus , 
95. 96* 105 ; body-wall of 
earthworm, 56, 57 ; chick, 
396; frog, 166-167; of 
breathing, dogfish, 1x4-115 ; 
of dogfish, 104-106 ; of eye¬ 
ball, dogfish, 129 ; of jaw, 
294 ; rabbit, 274, 277, 279- 
280, 281 ; tapeworm, 554 
Muscular coat, small intestine, 
3*7 

Muscularis mucosae, 327 
Musculo-cutaneous vein, frog, 

x 7 *> 172 

Musculo-epithclial cells, Hydra, 
28, 29, 30, 31 

Mushroom gland, cockroach, 
77 

Mutation, 447, 463, 464 
Mycelium, 521, 522, 523, 524, 
J**, 565 
Mycoides , 531 

Mycorrhiza, 542, 572-573 
Myelin, 348 
Myiasis, 87-88 

Myocardium, chick embryo, 
397 J dogfish, 115 
Myococle, Amphioxus embryo, 
366, 367, ; chick, 386, 395 ; 
frog embryo, 375, 376 
Myocomma, Amphioxus , 95, 
96 ; Amphioxus embryo, 367 ; 
dogfish, 104, 105, 106, 107, 
‘33 : frog, 167 
Myofibrils, 340, 341, 345, 346 
Myonemcs, Paramecium , 11 
Myotome, Amphioxus , 95, 96 ; 
Amphioxus embryo, 366, 367 ; 

cmbr v°, 395 . 396; 
dogfish, 104, 105, 106, 112, 

. 133 

Myxodema, 266 

MYXOMYCETES, 3x2 


Nagana, 569 
Narcissus bulb, 206 
Narcs, see Nostrils 
Nasal, dog, 288, 289 ; frog, 
i59> 160 i rabbit, 237, 292, 

.293 

Nasal septum, dogfish, 109 ; 
dog’s skull, 288 ; frog, 177 ; 
rabbit, 239, 269 
Naso-lateral process, chick, 

399 

Naso-medial process, chick 
embryo, 399 

Naso-pharynx, 236, 237, 239- 
240, 270, 272, 288, 290, 293, 
294 

Nastic movements, 510 
Natural selection, Theory of, 
462-464 

4 Nature * and 4 nurture \ 446 
Navicula (centrale), 164, 285, 
286 

Neanderthal man, 309, 310 
Ncanthropic man, 308 
Nearthrosis (pi.—es), 430 
Ne color a meric anus, 558-559 
Neck, 233 ; chick, 398 
Nectar, 209, 215, 216 
Nectary, 209, 215 

NEMATHELMINTHES, 
phylum, 49 ; parasitic forms, 
Kf 557 " 559 » 562-563, 566, 567 
Nematoblast, 29, 30, 31 
Nematocyst, Hydra , 29, 30, 31, 
32 

Nematode worms, 544 
Neopallium, 262,263, 297,299, 
302, 303 

NeoUia nidus-avis , 542 
543 . 544 

Nephndiostome, earthworm, 
62,63. See also Nephrostome 
Nephridium, earthworm, *6. 
61, 62-63 

Nephrococle, frog embryo, 375, 
376 

Nephrostome, 155, 156, 174, 
255 ; chick, 402. See also 
Ncphridiostome 
Nephrotome, 133 ; chick, 386, 
395 * 4 OI > 4 ° 2 i fr°g embryo, 
375 . 376 , 

Nereis (marine worm), learning 
in, 5*7 

Nerve, 67, 348, 349 
Nerve cells, see Neurones 
Nerve collar, cockroach, 73, 
76-77 ; earthworm, 58, 68, 
69. 76 

Nerve cord, Amphioxus, 94, 95 ; 
cockroach, 73, 77 ; earth- 
worm, 56, 58 ; liver-fluke, 
549 . 55 ° 1 Planaria, 50, 51 ; 
tape-worm, 553 
Nerve endings, 346, 349 
Nerve fibre, 67, 348, 349 
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Nerve impulse, 31, 269, 346, 
347 

Nerve net, 66 ; Hydra, 31, 265; 
Parasympathetic plexuses, 
^ 265 ; Planaria , 51,52 
Nervous system, Amphioxus , 
96-97 ; Amphioxus embryo, 
3 <> 4 » 365-366, 367 ; chick 
embryo, 388 ; cockroach, 
73 * 76-77 ; dogfish, 126- 
131 ; earthworm, 65-69 ; 
frog, 170, 175-176 ; frog 
embryo, 373, 374-375 ; his¬ 
tology, 346-349 ; Hydra , 31, 
35 ; liver-fluke, 549, 550 ; 
parasites, 566 ; Planaria, 50, 
5*02,53 : rabbit, 256—265; 
tapeworm, 553, 554 ; verte¬ 
brate embryo, 353 - See also 
Presumptive nervous system 
Neural arch, dogfish, 106, 107 ; 
frog, 1 57 * 158 ; rabbit, 276, 
277, 278, 279, 281 
Neural crest, chick embryo, 
388-389, 395, 396-397 ; frog 
embryo, 374 

Neural folds, chick embryo, 
385 . 387* 388, 389, 395; 
frog, 374 > 375 » 376 , 378 
Neural groove, chick embryo, 
3 8 5 > 387* 388 ; frog, 374, 
,378 

Neural plate, Amphioxus cm- 
bryo, 365 ; chick embryo, 
385, 386 ; dogfish, 107, no ; 
frog embryo, 373, 374, 375 ; 
mammal embryo, 408 
Neural crest, chick embryo, 
388-389, 395, 396-397 ; frog 
embryo, 374 

Neural folds, chick embryo, 
385. 387, 388, 389, 395; 

-. fr °S. 374 . 375 . 376 . 378 
Neural groove, chick embryo, 
385. 387. 388 ; frog, 374, 
378 

Neural plate, Amphioxus em¬ 
bryo, 365 ; chick embryo, 
385. 386 ; dogfish, 107, no ; 
frog embryo, 373, 374, 375 ; 
mammal embry o, 408 
Neural spine, frog, i 57) , 5 8 ; 
rabbit, 276, 277, 278, 279, 
280 

Neural tube, Amphioxus em¬ 
bryo, 365, 366 ; chick em¬ 
bryo, 388, 389, 394, 395 ; 

lro g. 374 - 375 . 37 « ! newt 
embryo, induction of, 424. 

425-427 

Neurenteric canal, Amphioxus 
embryo, 366 ; frog embryo, 
374 . 375 . 376 
Neurilemma, 348, 349 
Neurocode, 96 
Neuroglia, 347 
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Neuromast sense organs, 100, 
. I 3 I > 347 , 5*4 

Neurone, earthworm, 65, 66- 
68 ; histology, 346-349 ; 
Hydra , 30, 31, 32 ; rabbit, 
258 

Neuropore, Amphioxus embryo, 
366 

Neurula, defined, 352 ; Amphi¬ 
oxus,, 364-366 ; chemical 
mosaic in, 429 ; chick em- 
bryo, 385 ; frog, 373, 374- 
376, 378 ; mammal, 408 
New Forest fly, 564 
Newt embryos, 421, 422 
Nictitating membrane, 233 
Nitrates and nitrites, 493, 534- 
537 

Nitrification, 535, 537 
Nitrobacter , 533, 535, 537 
Nitrogen, 471, 473, 478; 

availability to plants, 493 ; 
cycle of, 534-537 ; fixation, 
535-537 

Nitrogenous excretion, see Ex¬ 
cretion 

Nitrosomonas , 533, 535, 537 
Node of Ranvier, 348, 349 
Nostrils, chick cmbiyo, ex¬ 
ternal, 395, 399* internal, 
395, 399 J d °g, external, 
288, 289-290 ; dogfish, 99, 
108 ; frog, external, 149, 
160, 157, 177, 377, internal, 
150, 15*, l6 °* * 75 * 17S; 
rabbit, external, 233, 239, 
269, 379, internal, 240, 270 
Notochord, 49, 93 ; Amphioxus , 
94, 95 ; Amphioxus embryo, 

3 6 4 , 3 6 5 * 366, 3*7 i chick 
embryo, 384, 385, 388, 394 ; 
dogfish, 106,107 ; frog, 157 ; 
frog embryo, 374, 375 , 376 ; 
rabbit, 275 ; mammal, 407, 
408 ; vertebrate embryo, 
353. See also Presumptive 
notochord 

Notochordal canal, 407, 408, 
4*7 

Notochordal sheath, 95 
Nuccllus, 210, 211, 218 
Nuclear membrane, 4, 313, 

3 * 4 . 3 « 5 > 3 * 7 . 3 l8 
Nuclear sap, 315, 3*7 
Nucleolus, 314, 315, 3 l * 
Nuclco-proteins, 472 
Nucleus, 20, 315 ; Amoeba , 3, 
4 ; bacteria, 530 ; division 
of, 316-320 ; Euglena , 22 ; 
Paramecium , 11 
Nucleus pulposus, 275 
Nuptial pad, frog, 150 
Nutrition, adaptations of, para¬ 
site, 565 

Nutrition of embryo, 410, 41 1 , 
414. 4 ' 5 . 4 > 6 - 4*7-420 


Nutritive cells, Hydra , 30, 32 
Nymph, 79 

Oat, food content of, 225 
Obturator foramen, rabbit, 
284, 285 

Occipital condyle, dog, 287, 
289 ; dogfish, 108 ; frog, 
*58» *59> «6o *» rabbit, 277, 
293 

Occipito-temporal lobe of 
brain, rabbit, 256, 257 
Occipito-vertebral artery, frog, 
169 

Oculomotor nerve, see Cranial 
nerve III 

Odontoblasts, placoid scale, 
100, 101 ; teeth, 234, 236 
Odontoid process, rabbit, 237, 
276, 277 

Oesophageal artery, frog, 169 
Oesophageal gland, earth¬ 
worm, 58 

Oesophageal pouch, earth¬ 
worm, 58 

Oesophagus, Amphioxus , 94, 95; 
cockroach, 73 ; dogfish, 101, 
102 ; earthworm, 58 ; frog, 
151 ; rabbit, 237, 246 
OESTRIDAE, family, 87 
Oestrous cycle, mammals, 253- 
2 54 >288 

Oil, 225, 477, 49 2 - 493 - See 
also Fat 

Olecranon, frog, 160, 165 
Olecranon fossa, rabbit, 284 
Olecranon process, rabbit, 284, 

286 

Oleic acid, 477 

Olfactory capsule, dog, 288, 
289 ; dogfish, 108 ; frog, 

I 59» 160 

Olfactory centre in brain, 200 
Olfactory chamber, dog, 288 ; 
frog, 175, 377 ; rabbit, 236, 
237. 238, 239, 269-270 
Olfactory epithelium, frog, 
177; man, 270; rabbit, 
270 

Olfactory lobe, dogfish, 127, 
130* *53* 259; frog, 175; 
rabbit, 237, 256, 257 
Olfactory nerve, see Cranial 
nerve I 

Olfactory organ, chick em¬ 
bryo, 395 ; dogfish, 116, 
128, 130, 132 ; frog, 175, 
176 - 177 ; man, 297; Pri¬ 
mates, 299, 304; rabbit, 
269-270 

Olfactory pits, frog, 377, 37 s * 

379 * 399 . . - , 

Olfactory sinus, dogfish, 119, 

120 

Olfactory tract, rabbit, 256, 
257, 262 


Omentum, dogfish, 103, 104 
Ommatidium, 75, 76 
Oncosphere, Taenia solium and 
T. saginata , 554, 555 
Onion bulb, 491 
Oocyte, 354, 356, 357, 358, 
359 * 436 ; Amphioxus , 361, 
362 ; fowl, 380 ; frog, 368 
Oogamy, 40, 43 
Oogenesis, 354, 356, 357 
Oogonia, 354, 357, 380 
Oogonium, Fucus y 43, 44 ; 

Pythium , 524-525 
Oospore, 524, 525 
Opercular funnel, tadpole, 378, 
379 

Operculum, tadpole, 377, 378, 
379 

Ophthalmic nerves, 129, 130 
Optic capsule, dog, 288 ; frog, 
*59 

Opposability of thumb or big 
toe, 297, 300, 301-302, 303 
Optic chiasma, rabbit, 256 
Optic cup, chick embryo, 391, 
394 * 399 , 400 

Optic foramen, dog, 289 ; rab¬ 
bit, 292, 293 

Optic ganglion, cockroach, 73, 
76 

Optic lobes, dogfish, 127, 128, 
129, 130, 259 ; frog, 153, 
177; rabbit, 256, 257, 
262 

Optic nerve, see Cranial nerve 
II 

Optic stalk, chick embryo, 391, 
399 ; rabbit, 271 
Optic thalami, dogfish, 127, 
260-261, 262-263 ; frog, 
175 ; rabbit and mammals, 
257, 262-263 

Optic vesicle, chick embryo, 

389, 390 * 39 * 

Opunlia , 85 
Oral cone, Hydra , 26 
Oral groove, Paramecium , 10, 
11 

Oral hood, Amphioxus , 94 
Oral plate, chick embryo, 392, 

395 * 4 12 

Oral tentacles, Amphioxus , 94 
Orbit, dog, 288, 289, 290 ; 
dogfish, 108,110,129 ; man, 
297 ; rabbit, 292, 293 
Orbital artery, dogfish, 109, 
1x4, xx8 

Orbital sinus, dogfish, 120 
Orbitosphcnoid, dog, 287, 289, 
290 ; rabbit, 292, 293 
Orchid, ( Taeniophyllum ), 204 ; 

( Orchidaceae) seeds, 220] 
Organelles, 314 
Organiser, 426-428 
Organ of Corti, 272, 273 
Origin (of muscle) 338, 342 



INDEX 


4 Origin of Species. The ’, 452 
Omithorhynchus paradoxus , see 
Platypus 

Oro-nasal groove, chick em¬ 
bryo, 399 ; dogfish and 
fishes, 99, 117, 151, 176 
Osmotic pressure, 248, 466- 
468,504-505 

Osmotic regulation, 9, 504- 
505 

Ossification, 336, 337 
Osteoblasts, 334, 336 
Osteocytes, 333, 336 
Otoliths, 132 

Outer ear, 233, 271-272 ; 

chick embryo, 398 ; rabbit, 
233, 271-272 

Ovarian artery, frog, 169 ; rat, 
295 

Ovarian follicles, 354, 356 ; 
chick, 404 

Ovarian vein, frog, 171 ; rat, 
295 

Ovary, Amphioxus , 98 ; chick 
embryo, 403-404 ; cock¬ 
roach, 73, 77 ; dogfish, 124, 
125, 126 ; earthworm, 63, 
64* 65 5 flowering plant, 209, 
210, 216, 217, 219, 220; 
frog, 154, 155 ; Hydra , 33- 
34 ; rabbit and mammals, 
2 53 > a 54 » 2 ^8 ; tapeworm, 
552 , 553 

Oviduct, cockroach, 73, 77 ; 
dogfish, 102, 124, 125, 126 ; 
earthworm, 5* $ 4 * 65 ; 
frog, 154, 155, 368 ; tape¬ 
worm, 553 . 

Ovisac (egg-sac), earthworm, 
64 65 ; frog, 155 
Ovulation, 356 ; fowl, 356 ; 
guinea pig, 357-358 ; rab¬ 
bit, 253 

Ovule, 210, 2ix, 213, 216, 2x7, 
218, 219 

Ovum, 361, 362 ; Amphioxus , 
98> 405, 410 ; earthworm, 
64, 65 ; fern, *45 ; flower¬ 
ing plant, aia ; fowl, 380, 
381. 405 J frog, 359, 368, 
3 o<>» 37 °> 4°5 5 Fucus, 43, 
44 ; Hydra , 28, 33-34 5 im¬ 
plantation of, 407 ; mam. 
mals, 405 ; man, 405 ; 
platypus, 405 ; rabbit, 405 ; 
reptiles, 405 ; spiny ant- 
eater, 405 ; vertebrates, 352, 
356,357,358,359,360,410 ; 
Volvo* r, 39, 40 

Ovum mother cells, earth¬ 
worm, 64 
Oxidation, 489 

Oxygen, necessity for, 471, 
566 ; obtained by embryos, 

4*3* 4 * 4 > 4*5> 4*9 ; 
photosynthesis, 465, 484; 


respiration, 8, 15, 60, 226, 

486-490, 534 

Oxyhaemoglobin, see Haemo¬ 
globin 

Oxyuris, see EnUrobius vermiett - 
laris 

Pace-maker, 242 
Pacinian corpuscle, 346 
Palaeo-anthropic man, 308, 
310 

Palaeozoic era, 454, 455 
Palate, hard, rabbit, 236, 288. 

289, 290, 293, 294 
Palate, primary', 109, 236 
Palate, secondary, 236-237. 

See also Palate, hard 
Palate, soft, 236, 240 
Palatine, dog, 287, 289, 290 ; 

frog, 160, 161 ; rabbit, 236, 
^ a 93 * 294 

Palatoquadrate cartilage, dog, 
290; dogfish, xio, in; 
frog, 159, 160, 161 
Palisade layer, Fucus y 42, 43 
Pallium, see Cerebral cortex 
Palm (Corypha), 204 
Palmitic acid, 477 
Pancreas, as endocrine gland, 
268, 505 ; chick embryo, 
401 ; dogfish, 102, 103 ; 
rabbit, 238, 239 ; rat, 295 ; 
secretions of, 268, 496, 505 
Pancreatic duct, dogfish, xo2, 
103 ; rabbit, 238 
Pancreatic juice, 496 
Pardorina t 40 

Paraffin wax, infiltration of 
tissues with, 350 
Paraglossa, 72 
PaianlhiopuSy 307 
Paramecium , 10-16, 20, 48 ; 
adaptability of behaviour, 
516; binary fission, ix, 12, 
* 5 . 16 ; conjugation, 12, 13, 
14; cncystment, 14; food, 

11 ; form and structure, xo, 
n* * 4 * *5 J growth, 15 ; in¬ 
tegration, 17 ; kinesis, 512 ; 
locomotion, 10, 11, 16; 

metabolism, 15 ; repro¬ 
duction, II, 12 
Paramylon, 23, 24 
Parasites, 520, 523-528, 529, 

aptations to, 564-569. See 
also Parasites 

Parasympathetic motor neu¬ 
rones, rabbit, 264, 265 
Parasympathetic nerve plex¬ 
uses, rabbit, 264, 265 
Parasympathetic nervous sys- 
tern, 263, 264, 265 
Parasympathetic neurones, 
rabbit, 265 
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Parasphcnoid, frog, 159, 160 
Parathyroid glands, 266 
Paraxial mesoderm, chick, 386, 
388, 390 ; frog, 374, 375 
Parenchyma, flowering plants, 
185 ; Planaria , 51 ; tape¬ 
worm, 554 

Parental care, 231-232 
Parietals, dog, 288, 289 ; rab¬ 
bit, 237, 292, 293 
Paroccipital proccsss of cxocci- 
pital, dog, 287, 289 ; rabbit, 
292, 293 

Parotid gland, 330 
Parthenogenesis, 82, 359 
Parturition, 420 
Passage cells, 195 
Patella, ideal pentadactyle 
limb, 164 ; rabbit, 286 
Patellar groove, rabbit, 285, 
286 

Pathogenic bacteria, 533, 537- 
539 

Peanut, food content of, 225 
Pea plants, tall and dwarf, 431- 
433 

Pectoral fin, dogfish, 99, hi, 

1X2 

Pectoral girdle, dogfish, 111, 
1x2, 114; frog, 152, 160, 
161, 162, 163 ; man, 283 ; 
rabbit, 282-283 
Ptdinlus spp. (Lice), 79, 545, 
546 

Pekin man, see Sinanthropus 
pekinensis 

Pellicle, Euglena , 22 ; Para¬ 
mecium, 1 o, 11 
Pelvic arteries, rat, 295 
Pelvic fin, dogfish, 99, 100, 104 
Pelvic girdle, Cacops 9 162, 163, 
284; dogfish, 112, 1x3 ; 

frog, 162, 163 ; primates, 
305 ; rabbit, 283, 284, 

285 

Pelvic nerve, rabbit, 265 
Pelvic vein, frog, 171, 172 
Penguin, 456, 458 
Perns, 228, 250, 251, 252, 253, 
254, 268 ; tapeworm, 552, 
553 

Pentadactyle limb, 163-165, 
evidences for evolution, 457, 
45 ®» 459 * See also Limbs 
Pepsin, 495 

Peptide link (CO.NH), 478, 
480 

Peranema t 23, 24 
Pentoses, 475 
Peptones, 479, 495, 49 6 
rcrennation, 204, 205, 206 
Perennials, 204 
Periblem, 188, 189, 193 
Pericardial cavity, chick, 401 ; 
dogfish, xo3, 115, 116, 1x75 
frog, 167 J rabbit, 239 



592 


INDEX 


Pericardial pouch, chick, 389, 
3 ?o 

Pericardio-peritoneal cavity, 
dogfish, X03 

Pericardium, chick, 401 ; dog¬ 
fish, 103, 115 ; frog embryo, 

376 

Pericarp, 219, 222, 224 
Perichondrium, 320, 331, 336 
Pericycle, 184, 185, 187, 193, 
195,196,197 

Perilymph, 132, 178, 272, 273 
Perimysium, 341, 342 
Perineal gland, rabbit, 233, 
251 > 252, 253, 254, 294 
Perineal pouch, rabbit, 233 
Perineurium, 348 
Periodontal membrane, 234, 
235 

Periosteal bone, 336, 337 
Periosteum, 334, 336, 337, 338, 

342.346 

Periotic bone, dog, 288, 291 ; 

rabbit, 272, 292, 293 
Peripharyngeal ciliated band, 
AmphioxuSy 94 
Periplaneta f see Cockroach 
Peristaltic movement, 58, 74, 

98* 327-328 

Peristomium, earthworm, 54, 

89 

Peritoneal cavity, dogfish, 103, 
104 ; frog embryo, 376 ; 
rabbit, 239, 250 
Peritoneum, dogfish, 103, 104 ; 
earthworm, 57, 63 ; rabbit, 

239 . o 

Perivisceral cavity, 89, 90, 91, 
95 ; cockroach, 74 ; dogfish, 
103 ; earthworm, 55, 59 
Permeability of cell mem¬ 
branes, 313 
Peronospordy 525-526 
Petals, 209, 214, 215, 216, 226 
Petiole, 181,182,197, 199, 202, 
203 

Petrous portion of periotic, dog, 
288 

Phagocytes, 74 

Phagocytosis, 249, 344, 531, 
538 

Phalanges, frog, 165 ; ideal 
pentadactylc limb, 164 ; 
rabbit, 286 

Pharyngobranchial, dogfish, 

io 9 

Pharynx, AmphioxuSy 94 ; chick, 
392 , 394 > 4 00 > dogfish, 101, 
102 ; earthworm, 58 ; frog 
embryo and tadpole, 374, 
376 , 377 . 379 5 Planaridy 50, 
52 ; rabbit, 236-237 ; ver¬ 
tebrate embryo, 353 
Phcllodcrm, 192 
Phcllogcn, 189, 190, 192* 193 . 
196, 197 


Phenotype, 433, effect of en¬ 
vironment on, 445-446 
Phloem, 184, 186, 187, 190, 

i 95 > * 9 S> 197 , * 99 , 49 * 
Phosphorus, 471, 472, 473, 478 
Phosphoryllase, 470-471 
Photoreceptor, Chlamydomonasy 
18 ; earthworm, 66 ; Eug- 
lendy 23, 24. See dlso Photo¬ 
sensitive cells 

Photosynthesis, 20-21, 465, 
475 , 486, 4 8 2 - 4 8 5 '» photo¬ 
synthetic bacteria, 533~534 i 
symbionts, 571, 572 
Photosynthetic bacteria, 533- 
534 

Phototaxis, 513 
Phototropism, 509-510 
Phrenic nerve, rabbit, 244, 246 
Phrenic veins, rabbit, 243 
Phthirius inguindlis (inguinal 
louse), 546 

Phylloclade, see Cladodc 
Phyllode, 202, 203 
Phylum, 46, 47 
4 Physiological age *, 503 
Physiological races, Puccinia, 
528 

Pig, dental formula, 236 
Pigment, frog’s ovum, 368 
Pigment cells, 76, 96, 328, 329 
Pili, see Root hairs 
Piliferous layer, 193, 194, 196, 

489, 470 ^ f 

Piltdown Man, see Eodnthropus 
dawsoni 

Pimpernel ( Andgdllis ) fruit, 
220, 221 

Pineal body, dogfish, 116, 127, 
128 ; frog, 175 ; rabbit, 256, 

257 t 

Pineapple, 222 

Pinna, 233, 271, 272 

Pisiform, rabbit, 286 

Pit, 185, 187 

Pitcher plant, 543, 544 

Pith, 184, 185, 192, 195, 198 

Pithecanthropus ereclus , 307-308, 


309 

Pituitary foramen, rabbit, 292- 
293 

Pituitary gland, amphibian 
metamorphosis, 179 ; chick 
embryo, 392, 400 ; dogfish, 
127, 128; frog, 153. * 75 ; 
frog colour change, 149 ; 
other functions, 267, 268 ; 
rabbit, 256, 257, 266-267, 
268 

Placenta, 296, 416, 4x7-420 

Placental mammals ( Placen - 
talia) 232, 296 

Placoid scales, 100-101, 104, 
106,234 

Plain muscle, see Smooth 
muscle 


Planaridy 48, 50-53, 89, 91 ; 
kinesis and taxis, 512-513 ; 
rejuvenation, 503 
Plantain ( Plantago media ) , 2x3- 
2x4 

Plasma (blood), 343, 351 
Plasmalemma, see 4 Surface 
membrane *. 

Plasmodium spp. 48, 559-562, 
568 

Plasmolysis, 467-468 
Plastid, 17 

Platelets (blood), 343, 345 
PLATYHELMINTHES, phy- 
lum, 48, 549-557 
Platypus ( Omithorhynchus ), 

23X-232, 283, 296, 460 
Pleistocene epoch, 307, 3x0, 
454 > 455 

Plerome, 188, 189, X93 
PlesianthropuSy 307 
Plesiosaurus , 229, 456, 458 
Pleural cavity, 239 
PleurococcuSy 19, 20 
Pliocene epoch, 307, 310 
Plumule, 2x8, 223, 224, 226 
Plus and minus mycclia, Mucor y 
523 

Pneumococcus (pi.—i), 532 
Poikilothermy, 231, 506 
Polar bodies, 356, 357, 358, 
359 ; AmphioxuSy 361, 362 ; 
fowl, 380 ; frog, 368, 369 ; 
Plasmodiumy 561 ; rabbit, 
406 

Polarity (of ovum), 361, 368, 

389 

Pollen, 215, 216 
Pollen grain, 209, 210, 2xx, 
2x2, 213, 216, 2x7 
Pollen sac, 209, 210, 2xx 
Pollen tube, 208, 2x2, 216, 2x7, 
226 ; chemotropism, 410 
Pollex (thumb), ideal penta- 
dactyle limb, 165 
Pollination, 212-216 
Polymorphonuclear leucocyte 
(polymorph), 344 
Polypeptides, 478, 479, 49 ° 
Polysaccharides, 475, 476 
Polyergus rufescens , 83 
Pome, 222 

Poppy ( Papaver ) fruit, 220, 

221 

Portal veins, defined, 120, 121. 
See Hepatic portal, renal 
portal, veins 

Positions of head, detected by 
ear, 273 

Postaxial border of limb, 164, 
165, 284, 285 

Postcaval veins, frog, 167* *6«, 
17X, 172, 174 ; rabbit, 241, 
*42,243,246 

Posterior cardinal sinus, dog¬ 
fish, 120 
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Posterior choroid plexus, frog, 
177 ; rabbit, 257 
Posterior mesenteric artery, 
dogfish, 119; rabbit, 243, 
245 . 

Posterior mesenteric ganglion, 
rabbit, 264 

Posterior mesenteric vein, rab¬ 
bit, 245, 247 

Posterior vena cava, see Post¬ 
caval 

Postganglionic sympathetic 
neurones, rabbit, 264, 265 
Post glenoid foramen, dog, 289 
Potassium, 471 

Potato ( Solarium tuberosum), 
tuber, 205, 206 
Prawns, statoliths of, 513 
Preaxial border of limb, 164, 
165, 284, 285 

Prccaval veins, frog, 167, 171, 
172, 174 ; mammal embryo, 
248 ; rabbit, 241, 242, 243, 
244 ; rat, 295 

Prefrontal cortex of brain, 297, 
299 . 3 ° 3 » 306 

Preganglionic sympathetic 
neurones, 348 ; rabbit, 264, 
265 

Pregnancy, maintenance by 
corpus luteum, 268 
Pre-hallux, frog, 165 
Premaxilla, dog, 289, 290 ; 
frog, 160, 161 ; rabbit, 235, 
236, 237, 293 

Prcmolars, 235, 236, 289, 290, 
294 

Prepuce, rabbit, 251 
Presphenoid, dog, 287, 289, 
290 ; rabbit, 293 
Presumptive ectoderm, chick, 
383 ; frog, 370, 372. See 
also Presumptive nervous 
system and epidermis 
Presumptive endoderm, Amphi - 
oxus, 361, 362, 363, 364; 
duck* 383 ; frog, 370, 371, 
37 2 > 373 

Presumptive epidermis, Amphi - 
oxus, 362, 363, 364 ; chick, 
3 ^ 385, 388; frog, 370, 
37 *» 373 * 374 

Presumptive mesoderm, Amphi - 

3 ®*> 3631 364. 3 « 5 J 
chlck > 383. 385; frog, 369, 
370 . 37a, 373, 375 ; newt 
embryo, 424 

Presumptive nervous system, 
Amphioxus, 361, 382, 363, 

; f h,ck ’ 383, 3 8 5> 387, 

388 ; frog, 370, 372, 373, 
374 

Presumptive notochord, Amphi - 

361,362,363,364; 
383, 384, 385 ; frog, 
369. 37 ®» 37a. 373 . 375 


‘ Presumptive * regions of ovum 
and embryo, Amphioxus , 361, 
362-364 ; chick, 383 ; frog, 

37 °j 372 , 373 
Prickly pear, 85-86 
Primary sexual characters, 267 
Primary thickening, 189 
Primates, 298, 299, 300, 301, 
302, 303, 304, 305, 306, 307 
Primitive groove, chick, 383, 

384 

Primitive streak, chick, 383- 
385* 387, 388, 390, 395 ; 
mammal, 407, 408 
Primula sinensis, flower colour, 
^ 444>445 

Pro-amnion, chick, 384, 387 
Proboscis, butterfly, 80, 8i 
Procoelous vertebrae, frog, 158 
Procoracoid, frog, 161, 162, 
163 ; rabbit, 283 
Proctodaeal pit, frog embryo, 
374 . 376 

Proctodacum, chick embryo, 
397 * 401 ; cockroach, 73 ; 
earthworm, 59, 92 ; frog 
embryo, 374. See also , 49 
Pro-embryo, flowering plant, 
217, 218 
Progeria, 503 

Proglottis (pi.—ides), tape- 
worm, 552, 553, 554, 565 
Prolegs, 80 

Pro-mycelial hypha, Mucor, 
522*523; Pythium, 524, 525 
Pronation, 298, 300 
Pronephros, chick embryo, 
395 > 4 0I- 4 02 ; frog embryo, 
375 ; mammals, 255 ; ver¬ 
tebrates generally , 155, 156 
Pronuclei, guinea pig, 358 ; 

Paramecium, 12, 13 
Pro-otic, frog, 159, x6o 
Pro phase, 316, 317, 318, 319 ; 

reduction division, 435, 436 
Proprioceptive senses, 269 
Propterygium, dogfish, 112 
Proscolex, Taenia solium and 
T. saginata , 554 

Prosencephalon, see Fore-brain 
Prospective potency, 421, 422 
Prospective significance, 421, 
422 

Prostate gland, rabbit, 251, 
252, 253 ; rat, 295 
Prostomial nerve, earthworm, 
58, 68 

Prostomium, earthworm, 

58, 66, 69 ** 

Protection of embryo, 360, 368, 
380-381, 405, 410, 4x4, 415 
Proteinases, 480. See also 
Pepsin, trypsin 

Proteins, chemistry, 477-479 ; 
digestion, absorption, meta- 
holism, 225, 226, 493-494, 


495 - 497 - Set “Iso 312, 313, 
343 . 480 

Proteoses, 479, 493, 496 
Proterozoic era, 4549 455 
Prothallus, fern, 144-147 ; 

flowering plant, 210-2x2 
Prothorax, caterpillar, 80 ; 

cockroach, 70, 72 
Protoplasm, 20, 311-313; 

Amoeba, 3-5 ; Paramecium , 
< 4 > 15 

PROTOTHERIA, 296 
Protoxylem, 186, 187, 190,195, 
196, 197 

Protoplasmic movements, 
Amoeba and Paramecium , 16 ; 
plant cells, 465-466 
PROTOZOA, phylum, 48, 
320 

Pscudobranch, dogfish, 115 
Pscudobranchial artery, dog¬ 
fish, X14, 118, 1 19 
Pseudocarp, 219, 221, 222 
Pseudo-heart, earthworm, 58, 
61 

Pseudomonas , 532 
Pseudopodia, Amoeba, 3, 4, 5, 
16 

Pterodactyls, 229, 455, 437, 458 
Pterygoid, dog, 287 ; frog, 
160, 161 ; rabbit, 289, 290, 
293 . 294 
Ptyalin, 330, 495 
Puberty, 404 
Pubic hair, 268 
Pubic symphysis, rabbit, 284, 
285 

Pubis, Caeops, 162, 163 ; frog, 
162, 163 ; rabbit, 254, 283, 
284, 285 

Puccinia gram in is, 526-527 
Pulex irritans (human flea), 546- 

Pulmo-cutaneous arch, frog, 
* 54 * 168, 169, 173, x 74 
Pulmonary arch, rabbit, 241, 
242, 245 

Pulmonary artery, frog, 168, 
169, 170, X73, 174 ; rabbit, 
242, 246 

Pulmonary circulation, rabbit, 
245-246 

Pulmonary trunk, rabbit, 247, 

248 

Pulmonary vein, frog, 167,168, 
169 ; rabbit, 241, 242, 246 
Pulp cavity, placoid scale, xoo 
teeth, 234, 235, 236 
Pupa, 79 , 80, 81 
Pupil of eye, chick embryo, 
399 ; rabbit, 270, 271 
Pus, 538 

Pyloric part of stomach, dog¬ 
fish, ioi, X02 ; rabbit, 237, 
238 

Pyloric sphincter, 237 
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Pylorus, 237 
Pyramid, 249, 250 
Pyrenoid, Chlamydomonas, 17, 
18 ; Euglena , 23 ; Spirogyra , 
37 , 38 

Pyruvic acid, 498 
Pythium de Baryanum , 523— 
525 

Quadrate cartilage, dog, 290 ; 
frog, *59* 160, 291 ; mam¬ 
mal embryo, 291 ; reptiles, 
292 

Quadrate-jugal, frog, 160 
Queen, honey-bee, 81, 82 

Rabbit, 49, 233-294 ; amnion, 
417, 418 ; alimentary tract 
and associated glands, 237- 
2 39 J appendicular skeleton, 
282-286 ; autonomic ner¬ 
vous system, 263-265 ; 

blood vessels, 242-248 ; 
body cavities, 239 ; brain, 
2 5<>- 2 57 J brain, evolution 
of, 261-263; brain, function 
in, 257-261 ; buccal cavity 
and pharynx, 236-237 ; ear, 
271-273; endocrine glands, 
265-269 ; excretory system, 
249-250 ; external features, 
233 ; c ye, 270-271 ; heart, 
241-242 ; lymphatic vascu¬ 
lar system, 248-249 ; ol¬ 
factory organs, 269-270 ; 
ovulation, 356 ; placenta, 
417-418 ; reproductive sys¬ 
tem, 250-255 ; respiratory 
system and voice, 239-240 ; 
ribs and sternum, 281-282 ; 
skcleto-musculature system, 
274-294 ; skin, 233-234 ; 
skull of dog, 287-292 ; skull 
of rabbit, 292-294 ; spinal 
cord and peripheral nerves, 
263 ; teeth, 234-236 ; ver¬ 
tebral column, 275-281 : 
yolk sac, 416, 418 
Rabbits, temperature and hair 
colour, 445 

Radiale, frog, 165, ideal penta- 
dactyle limb, 164 ; rabbit, 
286 

Radiala, dogfish, 111, 112 
Radial symmetry, 48, 50, 361, 
368 

Radiating evolution, 298 
Radiation, induction of muta¬ 
tion by, 447 
Radicle, 218, 223, 224 
Radio-ulna, frog, 160, 165 
Radius, frog, 165 ; ideal pen- 
tadactylc limb, 163, 164 ; 
primates, 300 ; rabbit and 
mammals, 284, 285, 286 
RafUsia , 542, 543, 565 


Ramus ascendens nerve, rab¬ 
bit, 244 

Ramus descendens nerve, rab¬ 
bit, 244 

Ramus communicans, frog, 
170, 176 ; rabbit, 263, 264 
Rana temporaria, see Frog 
Rat, 294-295 

Rats, intelligent behaviour, 
517 - 5*8 

Recapitulation, Law of, 459 
Receptacle, flowering plant, 
209, 222 

Receptaculum seminis, see 
Spermatheca 
Recessivencss, 432, 464 
Rectal gland, dogfish, 102, 
103 ; rabbit, 251, 252, 253, 
254 

Rectum, cockroach, 73, 74 ; 
dogfish, X02 ; earthworm, 

59 i frog, I 5 °> * 5 * ; frog 
embryo or tadpole, 374, 
378 ; rabbit, 237, 238, 
247 

Recurrent laryngeal nerve, 
rabbit, 244 

Red blood corpuscles, 115, 249, 

343 , 344 * 387, 468; de¬ 
velopment, 387, 401 
Redia (liver fluke), 550, 551 
Reduction division, 435-437 
Reflex act, 68, 258, 511 
Reflex arc, 67-68, 258 
Rejuvenation, 503 
Renal artery, frog, 153, 154, 
169 ; rabbit, 245, 249, 250 ; 
rat, 295 

Renal portal vein, dogfish, 120; 
frog, 153* I 7 I > *72 ; rabbit, 
245 . 

Renal vein, frog, 153, 171 ; 
rabbit, 243, 245, 249, 250 ; 
rat, 295 
Rcnnin, 495 

Replacing bones, 157, 287 ; 
ossification, 274, 275, 336- 
337 

Reproduction, Amoeba, 9, 15, 
16 ; Chlamydomonas, 18, 19 ; 
Frog, 178 ; Fucus, 42, 43, 44; 
Hydra, 33-34 ; Paramecium, 
11, 12,13, 14, 15, 16 ; para¬ 
sites, 566-567 ; Pleurococcus, 
20 ; Spirogyra, 37, 38 ; Vol- 
v°x, 39, 40 

Reproductive system, Amphi- 
oxus, 98 ; chick, 402-404 ; 
cockroach, 73, 77 ; earth¬ 
worm, 63, 64 ; endocrine 
control, 267-268 ; frog, 154- 
*55 ! Hydra, 28, 33-34 ; 
rabbit, 250-255 ; rat, 294, 
295 

Reptiles, 228, 229, 231, 232, 
262, 291, 292, 296, 303, 381, 


408,411 ; earliest fossil, 454, 

Resistance at synapses, 258- 
259 

Resistance to disease, 538-539 
Respiration, respiratory sys- 
tems, 8, 20-21 465, 475, 
400-490 ; Amphxoxus , 97 ; 
Amphioxus embryo, 410 ; 
Amoeba , 7-8 ; bacteria, 533- 
534 ; chick embryo 400, 
4 I 3 ~ 4 I 5 J cockroach, 74, 

75 ; dogfish, 113-115 ; 
earthworm, 60 ; external 
and internal, 60, 113, 114; 
frog, 152,153 ; frog embryo, 
410 ; Hydra, 33 ; mam¬ 
malian embryo, 418-4x9 ; 
parasites, 566 ; rabbit, 239- 
240, 246 ; seeds, 226 ; yeast, 
528-529 

Respiratory systems, see Re¬ 
spiration 

Restiform body, dogfish, 128 
Rete testis, rabbit, 251 
Reticular cells, 249 
Reticular fibres, see Argyrophil 
fibres 

Retina, chick embryo, 399; 

rabbit, 270, 271 
Retinula cells, cockroach, 75, 

76 

Reversible reactions, 480-481 
Rhabdome, cockroach, 75, 76 
Rhcotaxis, 513-514 
Rhizobium radicola , 535-537 
Rhizoids, 144 

Rhizome, dia-geotropism,,509; 
fern, 139, 140 ; flowering 
plant, 204, 205, 206 
Rhombonccphalon, see Hind¬ 
brain 

Rib, dogfish, 107 ; frog, 157, 
158 ; rabbit, 240, 275, 276, 
277, 278, 279, 280, 281-282 
Rice, food content of, 225 
Ridnus (Castor oil plant), see 
219, 223 
Rickettsia, 546 
Ringworm, 529 
Rod cells, 270, 271, 347 
Root, fern, 138, 139, 140 ; 
flowering plant, 181, 193- 
197, 201, 203, 204, 205; 
geotropism, 5 °*H >°9 '» 
hydrotropism, 510, mycor- 
rhiza, 572-573 
Root cap, 193 

Root hair, 193, 194, i 95 > 201, 
468-469, 470, 473 . , 

Root nodules, bacterial, 535, 

537 

Roots (of teeth), 234, 235 
Rose-hip, 222 

Rostellum (tape-worm), 552, 

553 > 555 
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Rostrum, dogfish, 108, 109 
Rotation of crops, 536 
Rotation of forearm, 284, 286, 
* 98 > 303 

Round worms, see Nemathel - 
minthes Phylum 

Round yellow and wrinkled 
green peas, 433“434 
Runner bean (Phaseolus multi- 
florus ), germination, 222- 
223 

Runners, 204, 205 


Sacculina, 565 

Sacculus (ear), 132, 177, 272, 
273 ; chick, 400 
Sacculus rotundus, 237, 238, 
294 

S a ecus vasculosus, dogfish, 127 
Sacrum (sacral vertebrae), 
frog, 158, 162, 163 ; rabbit, 
279, 280-281, 283, 284 
Sagittal crest, dog, 288 
Saliva, 237, 495 
Salivary gland, 73, 239, 330 
Salt hunger, 471 
Salts, absorption by plants, 
473-474 5 excretion of, by 
kidneys, 505 
Salvia, 213 

Saprobiotic organisms, 520 
Saprophytes, 24, 520, 521, 523, 

p 533 . 542 . 573 
Saprophytic nutrition, 24, 520 
Saprozoic nutrition, 520 
Sap wood, 191 

Sarcolemma, 340, 341, 342, 


c 345 , 349 

Sarcoplasm, 340, 341, 349 
Scala media, 272, 273 
Scale-like leaf, 201, 203, 204, 
205 

Scaphoid, 164. See also Radiale 
Scapula, dogfish, 112 ; frog, 
161, 162, 163 ; rabbit, see 
scapulo-coracoid 
Scapulo-coracoid, rabbit, 282, 
283, 284 Schistosoma haema¬ 
tobium, 567, 568 
Schwann cell 348, 349 
Sciatic artery, frog, 154, 169 
Sciatic plexus, frog, 170, 176 
Sciatic vein, frog, 171, 17a 
Sclera, 270, 271 ; chick, 391, 
399 > 4 °° 

Sderenchyma, 185, 187, 199, 
203 

Sclerotic, see Sclera 
Sclerotome, Amphioxus cm- 

chid f* 395.396 

bcolex (Tapeworm), 552, 553, 
554 . 555 . 556 

Scrotum, rabbit, 247, 250, 252 
ScuteUum, 224 

ScyUiorhirms canicula , 99, see Dog¬ 
fish 


Seal, 456 

Sebaceous gland, 329 
Secondary sexual characters, 
267-268 

Secondary thickening, root, 
x 9&-*97 J stem, 189-192 
Secretion, 268 

Secretory (gland) cells, earth¬ 
worm epidermis, goblet cells, 
327 ; Hydra , 32. See also 
Glands 

Section cutting, 350 
Sedimentary rocks, 453 
Seed, 208, 217-219, 220, 222, 
227 ; aerobic respiration, 

487 ; anaerobic respiration, 

488 ; castor-oil seed, 223- 

224 ; cereals, 224 ; dis¬ 

persal, 219, 226 ; dormancy, 
224 ; germination, 222- 

226 ; runner bean, 222-223 

Seed plants, earliest fossil, 454, 
455 

Segmental duct, 155, 156, 157, 
chick embryo, 401, 402 
Segmentation, see 4 Cleavage * 
and 4 Metameric segmenta¬ 
tion \ 

Selective permeability, 313, 

466 

Selenium, 472 

Self differentiation, 423-429 
Self-incompatibility, 213, 215 
Semen, ejaculation, 252-253 ; 

rabbit, 251, 252 
Semicircular canals 132, 272, 
273 ; chick embryo, 400 
Semi-lunar valve, dogfish, 116; 

frog, 167 ; rabbit, 241, 242 
Seminal epithelium, 251 
Seminal funnel, earthworm, 
63 , 64 

Seminal vesicle, cockroach, 73, 
77 ; dogfish, 122, 156 ; 

earthworm, 63, 64 ; frog, 
*54.; rat, 295 

Seminiferous epithelium, 354, 
355 . 

Seminiferous tubules, 354-355; 

rabbit, 250, 251 
Sc mi-perm cable membranes, 
3 * 3 > 343 > 466-468, 474, 493 
Senescence, 502-503 
Sense organs, 346, parasites, 
566. See also Ear, eye, etc. 
Senses, number of, 269 
Sensory cells, auditory (mam¬ 
mals), 272, 273; earth¬ 
worm, 66, 67 ; Hydra , 30, 
3 *» 32 ; olfactory (verte¬ 
brates), 270. See also 347, 
and Sensory neurones 
Sensory centres in brain, 259, 
260, 261, 262, 263 
Sensory nerve fibre, 67, 259, 
263, 349 


Sensory nerves, 96 
Sensory neurones, 66, 128, 346, 
347 , 346, 349 ; chick, 397 
Sensory visceral neurones, rab¬ 
bit, 264 

Sepal, 209, 214, 215, 226 
Septa, earthworm, 55, 58, 59 
Septum transversum, chick, 
401 ; dogfish, 103, 117; 

frog, 151 

Sero-amniotic junction, chick, 
4*3 

Serous coat, small intestine, 
327, 328 

Sertoli cell, 354, 355 
Scrum, 343 

Sesamoid bones, 164, 286 
Sex chromosomes, 440-441 
Sex determination of, 440-441 
Sex limitation, 441, 445 
Sex linkage, 441-442, 449, 451 
Sexual chords, chick, 403 
Sexual differentiation, chick, 


404 

Sexual reproduction, 13-14, 
142, 447. See also under 
Names of organisms 
Sheep ked, 564 

Shell, egg, 228 ; ^1,380,381, 
413, 414, 4x5 ; mammal, 
4°5 

Shell gland, dogfish, 124, 125 ; 

tapeworm, 552, 553 
Shell membrane, 380,381, 413, 
4*5 

Shepherd’s purse ( Capsella 
bursa pas tons), 204 
Shivering, 506 
Sieve plate, 186, 188 
Sieve tubes, 140, 186, 187 
Sight, sense of, arboreal ani¬ 
mals, 303 ; cockroach, 76 ; 
dogfish, 259 ; man, 297 ; 
Planaria, 53 ; Primates, 298; 
tree shrews, 302. See also 
Eye 

Sigmoid notch, rabbit, 284, 

286 

Silurian epoch, 134, 135, 454, 
.455 

Silver-fishes, 79 
Sinanthropus pekinensis , 308, 309 
Sinu-atrial node, rabbit, 241, 
246 

Sinu-auricular region, chick 
heart, 390 

Sinu-auricular valve, frog, 167 
Sinus (expanded vein), dogfish, 
. 1 *9 

Sinus terminals, chick, 393, 


Sinus venosus, chick, 392, 393, 
397 > 40 * ; dogfish, 115, 116, 
117, 120 ; frog, 167, 170, 
171,172 ; mammal embryo, 
248 ; rabbit, 241, 246 
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Siphon, dogfish, 122, 123 
Skeletal muscles, see Striped 
muscle 

Skeletal visceral arches, dog¬ 
fish, i09-110 ; frog, 159, 
161 

Skeleto-muscular system, 
mammals, 274-294 
Skeleton, dogfish, 106-113 ; 
frog, 157-165 ; function of, 
274 ; rabbit, 274-286, 292- 
294 ; tadpole, 379. See also 
Skull 

Skill and Primate ncopallium, 
3°3 »306 

Skin, chick, 396 ; dogfish, 100; 
frog, 148, 149, 152, 328 ; 
rabbit and mammals, 233, 
329 ; reptiles, 228 
Skull, articulation of, 108, 158, 
276-277 ; Australopithecus , 

307, 309 ; baboon, regional 
growth, 501, 502 ; chim¬ 
panzee, 297 ; Cro-Magnon 
Man, 309, 310 ; dog, 287- 
292 ; dogfish, X07-XXX ; 
Eoanthropus dawsoni , 308, 309; 
frog, 159-161 ; Homo nean- 
derthalensis y 309, 310 ; man, 
297 ; Paranthropus , 307 ; 
Pithecanthropus erectus, 307- 

308, 309 ; Plesianthropus y 
307 ; rabbit, 276, 279, 292- 
294 ; Sinanthropus pekinensis, 
308, 3<>9 

Slavery, ants, 83 
Sleeping sickness, 548, 569 
Slipper animalcule, see 4 Para - 
mecium ’ 

Small intestine, frog, 150 ; 
mammal, histology, 327- 
328 ; rabbit, 237, 238, 243, 

*45> *47 t , . 

Smell, sense of, arboreal ani¬ 
mals, 303 ; cockroach, 76 ; 
dogfish, 259, man, 297 ; Pri¬ 
mates, 299 ; tree shrews, 
302 

Smooth muscle, 325-326, 327, 

345, 349, 4*3 
Snails, 214 

Snakes, vestigial limbs, 458, 
459 

Social life, insects, 81-84 
Social parasitism, ants, 83 
Sodium, 471 

Sodium glycocholate, 496 
Sodium taurocholate, 496 
Solanopsis fugax , 83 
Solar plexus, rabbit, 245, 264 
Solation, see 4 gelation ’ 
Solomon’s seal ( Polygonatum 
multijlorum), rhizome, 204, 
205 

Solutes, entry into cells, 473- 
474 ; translocation of, 474 


Soma, 40, 44, 45 

Somatic cells, 40 

Somatic mesoderm, 89; Am- 
phioxus embryo, 366, 367 ; 
chick, 386, 395, 411, 413 ; 
earthworm, 59 ; frog em- 
bryo, 375, 376 ; mammal, 
4*7 

Somatopleur, 386, 411, 412, 
4*3, 4*7 

Somites, 133 ; Amphioxus em¬ 
bryo, 366, 367 ; chick, 386, 
3®7» 388,389,390* 395-398; 
frog embryo, 375, 376, 377, 
378. See also Mesodermal 
sacs 

Sorus, 139, 143 

Specialisation of function, 35, 


40, 44, 9* 

Species, 47 

Specificity, enzymes, 479-480 ; 
parasites, 525 ; proteins, 
493 

Speech, faculty of, 297 
Spermatic artery, frog, 169 ; 

rabbit, 250 ; rat, 295 
Spermatic cord, rabbit, 250, 
252 

Spermatic vein, frog, 171 ; 

rabbit, 250 ; rat, 295 
Spermatids, 354, 355, 357, 436 
Spermatocytes, 354, 355, 356, 

357. 436 

Spermatogenesis, earthworm, 

64 ; vertebrates, 354, 355, 
357 

Spcrmatogenic cells, primary, 
354, 355 . 

Spermatogonia, 354, 355, 403 
Spermatozoon, 354, 355, 357> 

358, 359 ; Amphioxus , 98 ; 
earthworm, 64, 65 ; fern, 

145* *4 6 , 5*°; fr °s> 389; 
Fucus , 43, 44 ; Hydra , 33, 
34 ; rabbit, 252-253 ; VoU 
vox, 39, 40 

Sperm line, earthworm, 54, 

65 

Spermatheca, earthworm, 64, 
65 ; cockroach, 73, 77 
Sperm sac, dogfish, 122, 156 
Sperm mother ceils, earth¬ 
worm, 63 

Sphaerularia bombi, 566, 567 
Sphenethmoid, frog, 159, 160 
Sphenoidal fissure, rabbit, 293 
Sphincter muscle, ,joi 
Spinal accessory nerve, see 
Cranial nerve XI, rabbit 
Spinal cord, 258, 346, 347-34®, 
349 ; chick, 388, 389 ; dog¬ 
fish, 1x6, 128; frog, 175, 
176 ; frog embryo, 374, 3755 
rabbit, 257, 263 
Spinal ganglia, 346, 347, 34® > 
chick, 389, 395, 397 i dog¬ 


fish, 128 ; frog, X76 ; rab¬ 
bit, 264 

Spinal nerve, 347,348 ; Amphi- 
oxusy 96 ; chick, 397 ; dog¬ 
fish, 128-129, 133 ; fora¬ 
mina for, 281 ; frog, 160, 
*75, *7® ; rabbit, 263, 264 
Spindle (in mitosis), 316, 317, 
3*8 

Spindle attachment, 316, 317, 
3*8 

Spine of scapulo-coracoid, 282 
Spine, see Vertebral column 
Spiny ant-eater (Echidna) , 231, 
283, 296, 460 

Spiracle, cockroach, 72, 74, 
75 ; dogfish, 99, 101, 102, 
110, 115, 116, 118 
Spiral valve, dogfish, X02, 103 
Spirillum (pi.—a), 532 
Spirogyra , 37-39 ; life-cycle, 
141, 142 

Splanchnic mesoderm, 89 ; 
Amphioxus embryo, 366, 367 ; 
chick, 386, 395, 413 ; earth¬ 
worm, 59 ; frog embryo, 
375>378; mammal, 417 
Splanchnocoele, Amphioxus em¬ 
bryo, 366, 367 ; chick, 386, 
401 ; frog embryo, 375, 376 
Splanchnopleur, 386, 411, 4x2, 
416 

Spleen, dogfish, X02 ; frog, 
X50 ; rabbit, 247, 249 
Splenic vein, rabbit, 247 
Spongy bone, 334 
Sporangium, fern, 139, 143, 
144; Mucot, 522, 523; 
Pylhiumy 524, 525 
Spore mother cells, 143, 209 
Spores, bacterial, 531, 532 ; 
fern, 143, 144 \ flowering 
plant, 208; Mucory 522, 523; 
Peronosporay 525, 526 ; Puc- 
cinia graminis , 526, 527 ; 

Pythium , 524. See also Oos¬ 
pore, zygospore 
Sporocyst (Liver-fluke), 550, 
55 x ; Distomum macros to mum, 
588 . 

Sporophylls, 208, 209, 226 
Sporophytc, algae and moss 
plant, X4X-X43 ; Fern, X38- 
140, 143-* 44, *48 ; flower¬ 
ing plants, 208, 218, 226, 
227 

SPOROZOA, class, 560 
Sporozoite ( Plasmodium ), 560, 
561 

Spring-tails, 79 

Squamosal, dog, 288, 289, 290; 
frog, x6o ; rabbit, 292, 293, 
294 ; reptiles, 292 
Staining of tissues, 350 
Stamen, 209, 2x4, 215 
Stance of mammals, 284, 285 
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Standard, 215, 216 
Stapes, rabbit and mammals, 
272, 2 73 > 291 

Staphylococcus (pi.—i), 532, 538 
Starch, Chlamydomonas , 17 ; 

chemistry, 475, 476 ; diges¬ 
tion, 495, 496 ; enzymes 
and, 480, 481 ; food reserve, 
21, * 95 > 4 « 5 » 486, 49 *. 492 ; 
formed after photosynthesis, 
483 ; germinating seeds, 
225, 226 ; guard cells, 470- 
471 ; grains, 315, 491, 492 ; 
pyrenoids and, 16, 37 ; 

Spirozyra, 37 

Starch ring, 184, 185, 195 
Statolith, 513 
Stearic acid, 477 
SUgomyia aegypli , 548 
Stele, 185-188, 189-192, 195- 
* 97 » 4 ^ 9 . 470 

Stem, 138 ; fern, 139 ; flower¬ 
ing plant, x8z-x 93 ; photo- 
tropism, 509-5x0 
Stereoscopic vision, 297, 299, . 
3 ° 4 » 305 

Sterilisation of the 4 unfit ’, 


45 1 

Sterkfontcin skull, sec Plesian- 
thropus 

Sternal portion of rib, rabbit, 
281, 282 

Stcrncbra, rabbit, 28x, 282 
Stemoptyx diaphana , 502 
Sternum, cockroach, 72 ; frog, 
161, X62 ; man, 283 ; rab¬ 
bit, 240, 281, 282 
Steroids, 424 

Stigma, Chlamydomonas , 18 ; 
Euglena, 23, 24 ; flower, 209, 
210, 213, 2x4, 215, 2x6, 217 
Stimulus and response, Amoeba , 
5 * 6, 16, 17. See also Be¬ 
haviour, Reflex act 
Stipe, Fucus, 4X, 42 
Stipes, 72 
Stipule, 197 
4 Stitch 249 

Stoma (pi.—ta), function, 465, 
469, 470-471 ; structure, 
1 9 ®> * 99 > 201 

Stomach, digestion in, 495- 
496 ; dogfish, 101, X02, 103 ; 
fr °g> * 5 °> * 5 * ; rabbit, 237, 
C * 3 " 

Stomium, fern, 144 
Stomodacal pit, tadpole, 376, 
377 , 378 

otomodaeum, chick, 392, 395, 
412 ; cockroach, 73 ; dog- 
nsn, 101 ; earthworm, 59, 
9 ? ; tadpole, 376, 377. Sec 
also 49 

Strawberry runner ( Fragaria ), 
S05 ; fruit, aai, 222 
Streptococcus (pi.—i), 531, 53a 


Striped muscle, histology*, 339- 
342 ; nerve ending in, 349 ; 
respiration of, 487-490 ; 
transmission of impulses, 346 
Style, cockroach, 70, 72 ; flow¬ 
er, 209, 215, 217 
Stylomastoid foramen, dog, 
289 

Subclavian artery, dogfish, 
114, 118, 119; frog, 154, 
169, 170 ; mammal embryo, 
248 ; rabbit, 243, 244, 

246 

Subclavian vein, dogfish, 121 ; 
frog, 171, 172 ; rabbit, 243, 

244, 246 

Subcpidcrmal plexus, earth¬ 
worm, 60 

Sub-germinal space, chick, 
382, 383 
Suberin, 195 

Sub-intestinal vein, Amphioxus, 

c 97 

Submentum, cockroach, 72 
Sub-mucous coat, intestine, 
„ 327 

Subneural vessel, earthworm, 

56, 58, 61 

Subncuro-dorsal vessel, earth¬ 
worm, 6x 

Sub-oesophageal ganglion, 
cockroach, 73, 77 
Subscapular vein, frog, 171, 
172 

Succinea puiris, 568 
Succus cntcricus, 327, 496 
Sucrose, 476, 49 1) 496 
Sugar beet ( Beta vulgaris), 491 
Sugar-cane (Sacchanmx ojficin- 
arum), 206-207, 49* 

Sugar maple ( Acer saccharum), 
49 1 

Sugars, 475, 479 ; see Carbo¬ 
hydrates, glucose 
Sulci of brain, rabbit, 256 
Sulphur, 471, 472, 473, 478 
Summer and winter spores, 
Puccinia, 526, 527 
Sundew, 543, 544 
Superior oblique muscle, dog¬ 
fish, 129 

Superior rectus muscle, dog¬ 
fish, 129 

Supination, 298, 300 
Supradorsal plate, dogfish, 107, 
xxo 

Supra-occipital, dog, 287,289 ; 

rabbit, 237, 292, 293 
Supra-oesophageal ganglion, 
see Brain 

Supra-orbital process, dog, 
288, 289 ; rabbit, 292, 293 
Supraorbital ridge, dogfish, 
108 

Supra-pharyngcal ganglion, 
earthworm, 58 
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Supra-scapula, frog, 161, 162 ; 
rabbit, 282 

Supra-spinous ligament, 278 
Supra-trochlcar foramen, rab¬ 
bit, 284, 286 

Supra-trochlcar fossa, rabbit, 
284, 286 

Surface membrane, see Cell 
membrane 
Suspensor, 2x8 

Suspensory ligament, 270, 27X 
Sutures, 287 
Swallowing, rabbit, 237 
Sweat gland, 329 
Sweet pea, ( Lathyrus) 202, 203, 
215, 2x6 

Sycamore (Acer) fruit, 219-220, 

221 

Sylvian fissure, rabbit, 256 
Symbionts, 570 

Symbiosis, 57<>-573 ’» Con- 
volula roscoffensis and algae, 
57°» 57* *> corals and algae, 
570 ; Hydra and algae, 32- 
33 ; lichens, 570 ; mammals 
and bacteria, 496 ; mycor- 
rhiza, 572-573 ; termites 
and triconymphs, 571 
Sympathetic ganglia, chick 
embryo, 397 ; frog, 176 ; 
rabbit, 244, 245, 263-264 
Sympathetic nervous system, 
frog, 170, X76 ; rabbit, 263- 
265, 267 ; rat, 295 
Sympathetic neurones, rabbit, 
*64, 267 

Symphalangy, 448 
Synapses, defined, 31 ; earth¬ 
worm, 66, 67 ; Hydra, 31 ; 
physiology, 258-259,269,347 
Syncytium, 346 
Synergids, 212 
Syngamus trachealis, 567 
Syngamy, 13. See also Fertilisa¬ 
tion 

Synovial fluid, 336, 339 
Synovial membrane, 338, 339 
Systemic arch, chick, 401 ; 
frog, 154, 168, 169, 173 ; 
mammal embryo, 248 ; 
rabbit, 241, 242, 243, 248 
Systemic circulation, rabbit, 

243-245 

Systole, 116 

Tadpole, 157, 159, 161, 178, 

228,376-379 

Taenia spp., 48, 552 - 557 . 566, 
568 ; T. echinococcus , see 
Ech inococcus granulosus 
Taeniasis, 555 

Tail bud, chick embryo, 395, 

397 ; fr°g, 374 . 376 , 37 » 
JLail iold, chick embryo, 390, 

393 » 395 ; mammalian em¬ 
bryo, 409 
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Tail, human, 458-459 ; rab¬ 
bit, 233 ; tadpole, 376, 377, 
378 , 379 

Tapctal cells, 143 
Tape worms, 552 - 557 * 5 ^ 4 " 
5 6 5 

Tarsals, frog, 160, 165 ; ideal 
pentadactyle limb, 164 ; 
rabbit, 285, 286 
TarsiuSy 298, 299, 300 
Taste, sense of, cockroach, 76 ; 
rabbit, 236 

Taungs skull, see Australopithecus 
Taxes, 508, 510, 511, 5*2-514 
Tears, dog, 288 
Teeth, carnivorous mammals, 

235 ; development, 234 ; 
differentiation and number, 
234-23 6 i dogfish, 101,234 ; 
frog, 150, 161, 234; pri¬ 
mates, 305 ; rabbit, 234- 

236 ; replacement of, 234 ; 
vestigial, of toothless mam¬ 
mals, 236 

Telencephalon, chick, 391 ; 
dogfish, 127, 260 ; frog, 262; 
rabbit and mammals, 256, 
261 

Teleological explanations, 2 
Telolecithal ova, 368, 380, 405 
Telophase, 317, 318, 319 
Temperature, control of, see 
homoiothcrmy 

Temporal fossa, dog, 288 ; 

rabbit, 292, 293 
Temporal muscle, dog and 
rabbit, 294 

Tendinous chords, rabbit, 241, 
242 

Tendon, 323, 338, 341, 342, 
346 , 430 

Tendril, 202, 203 
Tentacles, Hydra , 26, 27, 28, 30 
Tergum, cockroach, 72 
Termites, 81, 571 
Testa, 218, 222, 223, 224 
Testis, 354 ; AmphioxuSy 98 ; 
chick embryo, 403 ; cock¬ 
roach, 73, 77 ; dogfish, 121, 
122, 126 ; earthworm, 63, 
64 ; frog, 150, 154 ; Hydra, 
28, 33; 34 J rabbit and 
mammals, 250, 251, 252, 
255, 268 ; tape-worm, 552, 

553 , 0 r 

Testis sac, earthworm, 50, 03, 

Thalamencephalon, see Dicn- 
ccphalon 

Thalami, see Optic thalami 
Thallus, 41 

Thermodynamics, laws of, 402, 

488, 505-506 

Theromorphs, see Mammal¬ 
like reptiles 
Thigmotropism, 509 


Thoracic duct, rabbit, 248 
Thoracic vertebrae, 277-278 
Thorax, cockroach, 71, 72 ; 
rabbit, 233, 240, 281 ; rat, 
295 

4 Thrush \ 528 

Thymus, chick, 400 ; rabbit, 
268 

Thyroid gland, chick, 392, 
400 ; dogfish, 114 ; frog, 
154, 170, 179 ; rabbit, 266, 
267. See also 472 
Thyroxin, 472 

Tibia, frog, 160, 165 ; ideal 
pentadactyle limb, 163, 164 ; 
primates, 300 ; rabbit, 285, 
286 

Tibiale, frog, 160, 165 ; ideal 
pentadactyle limb, 164 ; 
rabbit, 285, 286 
Tissue culture, 350, 351, 502- 
503 

Tissue fluid, 174, 248, 344 
Tissues, 42 

Tolerance of parasites, 568-569 
Tongue, dogfish, 101 ; frog, 
*5°> *53 J rabbit, 236, 237 
Tooth-wort, 542 
Torsion of embryo, chick, 390, 
391, 393, 396 

Touch, sense of, cockroach, 76 
Torulopsis histolytica , 529 
Toxins, bacterial, 538 
Trace elements, 472 
Trachea, chick, 400 ; cock¬ 
roach, 74, 75 ; dog, 291 ; 
rabbit, 237, 240, 244 
Tracheids, 140, 187 
Translocation, 474 
Transpiration, 470-471 
Transplantation, parts of em- 
bryos, 423-428 

Transverse muscle, dognsn, 

1x4,115,116 

Transverse process, doghsh, 
107 ; frog, 157, 158 ; rab¬ 
bit, 276, 277, 278, 279, 281 
Trapezium, 164 
Trapezoid, 164 
Tree shrews, 301-302, 303 
Trees, age of, 503 ; mycorrhiza 

TREMATODA (flukes), class, 

549-552.567 

Treponema pallida, 532 
Triassic epoch, 454, 455 
Triceralops, 229, 230 
Trichinella spiralis, 558, 559 
Trichocysts, Paramecium, 10, 11 
Trichonymphs, 571, 57 2 

Trichosomum crassicaudum, 567- 

568 

Tricuspid valve, rabbit, 241, 
242 

Trigeminal nerve, see Cranial 
nerve V 


Triolein, 477 

Tripalmitin, 477 

Triploblastic animals, 36, 48, 
49 > 89, 9 1 

Triploblastic stage of embryo, 
AmphioxuSy 365 ; chick, 384- 
385 ; frog, 375 

Triploid chromosome number, 
217 

Tristearin, 477 

Trochanters of femur, rabbit, 
285, 286 

Trochlea, frog, x6o, 165 ; rab¬ 
bit, 284, 286 

Trochlear nerve, see Cranial 
nerve IV 

Trophoblast, 406, 407, 416, 
417, 4x89 419. See also 
Chorion 

Trophozoite ( Plasmodium ), 560, 
5 6 \ 

Tropisms, 508-510 

Truncus arteriosus, frog, 167, 
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Trypanosoma spp., 569 
Trypsin, 496 
Tsetse fly, 548 
Tube cell, 210 

Tuberculum of rib, rabbit, 277, 

281 

Tuberosities of humerus, rab¬ 
bit, 284, 286 
Tulip (Tulipa)y 205 
Tungsten, 472 
TURBELLARIA, class, 549 
Turbinal bones, dog, 289 ; 

rabbit, 237, 270 
Turgor, 468 
Turtle, 456 

Tusks, of elephant, 236 
Twins, experimental produc¬ 
tion of, 42X-422 ; identical 
and fraternal, 450 - 45 * 
Tympanic bone, dog and rab¬ 
bit, 272, 288, 291 
Tympanic bulla, dog, 288, 
289 ; rabbit, 292, 293 
Tympanum, chick, 400 ; dog, 
288 ; frog, 149, X77; rabbit, 
233* 271-272, 273 • 

Typhlosole, earthworm, 5b, 58, 

59 

Typhus, 546 
Tyrannosaurus , 229, 230 


Ulna, 163, 164, 284, 285, 286, 
300 ; frog, x6o, 165 ; ideal 
pentadactyle limb, 163,164 ; 
primates, 300 ; rabbit, 284, 
285, 286 

Ulnare, frog, x6o, 165 ; ideal 
pentadactyle limb, 164; 
rabbit, 286 

Umbilical cord (stalk), chick, 
401, 414* 4*5 5 mammals, 

4*9 
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Unciform, 164 

Unicellular organisms, 15, 20, 

44.45.48 

4 Unisexual flowers, 213 
Unit characters, 445 
Upright posture, 304-306 
Urea, 4x1, 415, 498, 505 
Ureter, chick, 402 ; frog, 153, 
I54> J 55> 156 i rabbit, 245, 
249 > * 5 °. 254, 255 

Urethra, rabbit, 250, 251, 252, 
253 »S 55 *> rat, 295 
Uric acid, 8, 411, 414, 415 
Urinary bladder, chick, 415 ; 
frog, 150, 154, 155 ; rabbit, 
250, 254, 255 

Urinary papilla, dogfish, 125, 
126 ; frog, 155 

Urinary sinus, dogfish, 124, 
125, 126, 156 
Urine, 250 

Urinifcrous tubules, 153, 249, 
250, 255, 326 

Urinogcnital canal, rabbit, 
250, 251 

Urinogcnital system, dogfish, 
X21-X26, 156; frog, X53- 
X55 i rabbit, 249-255 ; rat, 
295 > vertebrates generally, 
* 55“*57 

Urinogcnital papillae, dogfish, 
122, X23; frog, 154 
Urinogcnital sinus, dogfish, 
122, 156 

Urostylc, 158, 159, 160 
Utenne artery, rabbit, 254 ; 
rat, 295 

Uterine vein, rabbit, 254 ; rat, 
295 

Uterus, rabbit and mammals, 

2 53 > * 54 » 2 55 > 268, 415-4x6 ; 
tapeworm, 552, 553 
U terns masculinus, rabbit, 251, 
*52,255 

Utnculus, chick embryo, 400 ; 
dogfish, 132 ; rabbit, 272, 
273. See also 513 
Uvula, rabbit, 236, 237 


Vaccines, 539 

Vagina, cockroach, 73, 7 
rabbit and mammals, 2 

2 53 > 25* 255, 268 ; ta 
worm, 553 

Vagus, see Cranial nerve X 
Vagus ganglion, 244 ; dogfi 
t7 13 « ; rabbit, 244 

at-* vcim * 345 

vanadium, 472 
Variation, 431, 446-447 ; a 
solution, 463-464; b; 

537 i caused 
meiosis, 437,447 • caused 
process, 14, 14a ; 
duction by radiations, 44 
mutation, 447 


Vasa cflferentia, chick, 402,403, 
404; dogfish, 121, 122; 

earthworm, 63, 64 ; frog, 
*54. >56 ; rabbit, 251, 255 ; 
tapeworm, 552, 553 
Vascular bundle, 140, 184, 185, 
186, 187, 196, 199 
Vas deferens, chick, 404 ; cock¬ 
roach, 73, 77 ; dogfish, i2i, 
X22, 156 ; earthworm, 54, 
63, 64, 65 ; frog, 154, 156 ; 
gland of, rat, 295 ; rabbit, 
25X, 252, 255 ; tapeworm, 
55 2 > 553 

Vedalia cardinal is, 85 
Vegetative cell, 210, 212, 216, 
217 

Vegetative pole, 361,362, 368, 
369. 380 

Vegetative reproduction, 139, 
204-207, 503 
Vein, 115, 345 
Velar tentacles, Amphioxus, 94 
Velum, Amphioxus , 94 
Venous system, chick embryo, 
393 , 394 . 398 , 397 ; dogfish, 
1x9-121 ; frog, 169-172 ; 
mammal embryo, 248 ; rab¬ 
bit, 243-246 ; tadpole, 174 
Ventral aorta, Amphioxus , 97, 
98 ; chick embryo, 390,392, 
396 , 397 J dogfish, 114, xi6, 
1x7 ; frog, 167, 173 ; rabbit 
embryo, 246, 247 ; tadpole, 
*73 

Ventral canal cell, 145 
Ventral fin, Amphioxus , 93 
Ventral nerve cord, 58,68,69 ; 
cockroach, 73, 77 ; earth¬ 
worm, 58, 68, 69 
Ventral vessel, earthworm, 56, 
5 *t f>* 

Ventricles of brain, 127, 257, 
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Ventricles of heart, chick em¬ 
bryo, 390, 392, 394, 396, 
397 J dogfish, 115, xx6,117 ; 
frog, 167, 168, 169 ; rabbit, 
241, 242, 246, 247, 248 

Ventro-intcstinal vessel, earth¬ 
worm, 61 

Ventro-parictal vessel, earth¬ 
worm, 61 

Venus* fly-trap, 5,13, 544 

Vermiform appendix, 237,238, 
2 95 

Vertebra, chick, 396 ; dogfish, 
106, 107, no, 133; frog, 
* 57 . *5 8 ; mammalian, 275 

Vertebral artery, rabbit, 243, 
246, 276 , 

Vertcbrai column, dogfish, 104, 
105, 106-107, no; frog, 
157; primates, including 
304-305 ; rabbit, 240, 
275-281 
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Vertebral portion of rib, 281 
Vertebral vein, rabbit, 246 
Vcrtebrarterial foramen, 276, 
277 

Vertebrates, 93 

Vesical artery, rabbit, 243, 252, 
254 ; rat, 295 

Vesical vein, rabbit, 252, 254 ; 
rat, 295 

Vesico-utcrine artery, rat, 
295 

Vesico-uterine vein, rat, 295 
Vessels of xylem, 186, 187, 203, 
469, 470. See also Xylem 
Vestibule, rabbit, 250, 253, 
2 54 . 255 ; rat, 295 
Vestigial structures, 458, 459 
Vibrio, 532 

Villi, intestinal, 327, 497 ; of 
trophoblast, 416, 418, 419 
Villi of chorion, see Tropho¬ 
blast 

Virgin birth, see Partheno¬ 
genesis 

Virginia creeper {Ampelopsis), 
202 

Virulence, 531, 568-569 
Viruses, 539-541 
Visceral arches, see Meso¬ 
dermal visceral arches, skele¬ 
tal visceral arches 
Visceral clefts, Amphioxus , 94 ; 

chick embryo, 39®. 398,399; 

dogfish, 99; tadpole, 377, 
, .378, 379 

Visceral motor neurones, rab¬ 
bit, 264 

Visceral nerve, dogfish, 130, 
1 3 1 

Visceral pouches, chick cm- 
bryo 392, 395, 397, 400; 
Chordata, 93 ; dogfish, 101, 
109 ; tadpole, 377, 379. Ste 
also ^59 

Visceral skeleton, dog, 289- 
29a: dogfish, 109-111 ; frog, 

*59, *60,377 

Visccro-branchial nerve, dog¬ 
fish, 130 

Viscum album , 542, 543 

Vitelline artery, chick, 390, 

. ,.39?* 393. 394. 396, 397 
Vitelline gland, tapeworm, 

552. 553 

Vitelline membrane, 359, Am¬ 
phioxus, 361 ; fowl, 380,382; 
frog, 368, 369 

Vitelline vein, chick embryo, 
388,389,390,392,393,394, 

, 396, 397,4” 

Vitreous humor, 271, chick 
embryo, 400 
Viviparity, 229, 231-232 
Vocal cords, frog, 152, 153; 
rabbit, 240 

Vocal sac, frog, 151, 153 
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Voice, frog, 152 ; rabbit, 239- 
240 

Volvox, 39-40 

Vomer, dog, 288, 289 ; frog, 
159, 160, 161 ; rabbit, 293 
Vulva rabbit, 250, 253, 254 ; 
rat, 294, 295 

Wall pressure, 467, 470 
Wandering cells, 325 
Warble flies, 87 
Warm blooded animals, see 
homoiothermv 

Wasps, 79, 81 ; solitary', nest¬ 
building, 515-516 
Water, 466-471 ; absorption 
by plants, 468-470 ; ascent 
of trees, 469-470 ; elimina¬ 
tion of, 9, 504-505 ; function 
in organisms, 466 ; in ger¬ 
mination, 225 ; in photo¬ 
synthesis and respiration, 
483-484, 486, 488, 490 ; re¬ 
absorption in kidney, 505 ; 
supply of, to embryos, 410, 
411, 414; tensile strength, 

469 

Water cultures, 473 
Water flea ( Daphnia ) 9 463 
Whale, 456, 458 ; teeth, 236 
Wheat grain, 224 
White bryony ( Bryonia dioiea ), 
203 

White fibres, see Collagen fibres 
White matter, 347, 348 
Willow (Salix)> 213 
Willow herb ( Epilobium col - 
linwn) fruit, 221, 222 


Wind pollination, 213 
Wing, cockroach, 72, 78 ; pea 
flower, 215, 2x6; penta- 
dactyle limb as, 457, 458 
Wingless insects, 79 
Wolffian duct (Mesonephric 
duct), chick, 395, 402, 404 ; 
dogfish, 121, 122, 125, 126, 
156 ; frog, 154,156 ; rabbit, 
255 

Wood fibres, 185, 187 
Wood louse, kinesis in, 511 - 
5*2 

W orkers, honey-bee, 81, 82 
W r orms, fossil, 455 
Wuchereria bancrofti, 562-563 

'Xanthophyll, 582-483 
X chromosome, 440-442, 443, 
445 , 449 

Xenopsylla cheopis (rat flea), 
547 

Xerophytes, 200, 201 
Xylem, climbers, 203 ; fern, 
140 ; hydrophytes, 200 ; 
leaves, 199 ; primary, 184, 
186, 187, 195, 196 ; secon¬ 
dary, 189-192, 196-197; 
water transport, 469, 470 
Xylem parenchyma, 186, 187 
Xylene, 350 

Y chromosomes, 441, 442 
Yeast (Saccharomyces ), 488, 528- 

529 

Yellow fever, 548 
Yellow fibres, see Elastic 
fibres 


Yolk, 228, 356 ; Amphioxus , 
361, 362, 366 ; fowl, 380, 
381, 382, 410, 411, 414; 
frog, 368, 369, 370, 373, 377, 
410 ; Hydra , 33 ; mam¬ 
malian ovum, 405, 410, 415, 
416 ; platypus and echidna, 
231 

Yolk plug, frog embryo, 371, 
372 , 374 

Yolk sac, chick embryo, 382, 
383, 411, 412 ; evolution of, 
420 ; man, 416, 417, 4x9 ; 
platypus and echidna, 416 ; 
rabbit and mammal, 408, 
413, 414,415,416,4x8,459 ; 
reptiles, 416. See also 353 
Yolk stalk, chick embryo, 414 
Yucca tree, pollination, 216 

Zinc, 472 

Zona pellucida, 405, 406 
Zoochlorella , 30, 32-33, 571 
Zoogloea (bacterial), 531 
Zoospores, Pythium , 524, 525 
Zygapophysis, frog, 157, 158 ; 
rabbit, 276, 277, 278, 279, 
280 

Zygomatic arch, dog, 288, 289, 
290 ; rabbit, 293, 294 
Zygospore, Mucor, 522, 523 ; 
Spirogyra , 38 

Zygote, defined, 19 ; Chlamy - 
domonasy 19 ; flowering plant, 
217 ; FucuSy 44 ; guinea 
pig, 358 ; Hydra, 34 ; Epiro- 
tyra, 38 ; Volvoxy 40 
Zymase, 529 
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